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(5)  INTRODUCTION 

Alternative  splieing  generates  considerable  diversity  in  human  gene  products. 
Alterations  in  alternative  splicing  are  important  for  development  and  in  maintaining 
tissue-specific  gene  expression.  Cancer,  including  breast  cancer,  has  been  reported  to 
induce  alterations  in  pre-mRNA  splicing  to  alter  the  distribution  of  spliced  products  in 
tumors  as  compared  to  normal  cells.  The  work  funded  by  this  grant  has  focused  on  the 
alterations  of  alternative  splicing  that  occur  during  breast  cancer  through  the  study  of  one 
gene  that  undergoes  extensive  alternative  processing  and  whose  processing  dramatically 
changes  in  breast  cancer  and  metastases  thereof 

The  human  CD44  gene  undergoes  extensive  alternative  splicing  (reviewed  in  1). 
At  least  10  alternative  exons  reside  in  a  block  located  in  the  middle  of  the  gene  after  the 
fifth  constitutive  exon.  All  of  these  exons  have  lengths  divisible  by  3;  therefore,  inclusion 
of  either  a  single  exon  or  sets  of  exons  does  not  alter  the  reading  frame  of  the  resultant 
protein.  Protein  coding  sequences  within  the  alternative  exons  add  extracellular  domains 
to  the  protein  and  alter  its  interaction  with  the  extracellular  matrix.  Alternative  splicing  of 
CD44  responds  to  developmental  and  extracellular  stimuli  to  increase  exon  inclusion;  in 
addition  CD44  alternative  splicing  increases  in  many  tumors  and  their  metastases.  The 
inclusion  of  certain  CD44  alternative  exons  has  been  reported  to  be  of  prognostic  value  in 
human  tumor  evaluation.  Perhaps  most  interesting,  the  inclusion  of  a  single  alternative 
exon  was  shown  to  be  sufficient  to  render  metastatic  potential  in  a  rodent  model.  These 
observations  made  the  study  of  CD44  alternative  splicing  an  ideal  one  for  investigating 
the  interplay  between  splicing  and  carcinogenesis. 
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Inclusion  of  the  fourth,  fifth,  and  sixth  alternative  exons  (referred  to  as  variable 
exons  v4,  v5,  and  v6)  has  been  best  correlated  with  tumor-specific  changes  in  CD44 
splicing.  We  have  been  studying  the  mechanism  and  factors  involved  in  the  recognition 
of  exon  v4  and  v5  with  an  emphasis  on  v4  (2-4).  We  notieed  that  many  of  the  CD44 
variable  exons  contained  either  GA  or  CA  rich  sequences  within  them,  sequences 
suggesting  the  existence  of  exon  enhancer  elements  within  the  alternative  exons.  Our 
studies  have  concentrated  on  identifying  the  sequence  elements  dictating  CD44 
alternative  splicing  and  the  factors  that  bind  these  sequences.  We  then  used  a  model 
system  of  mammary  carcinogenesis  to  determine  if  and  how  these  factors  might  be 
altered  during  tumorigenesis. 

Our  results  indicate  that  there  are  CA-rich  exon  enhancers  sequences  within  at 
least  two  of  the  variable  exons  whose  inclusion  increases  during  human  breast  cancer. 
These  sequences  are  required  for  exon  recognition.  We  have  identified  three  factors  that 
bind  these  sequences  -  the  y-box  binding  protein  YB-1  (3),  the  SR  splicing  factor  Tra2, 
and  the  ATP-dependent  RNA  helicase  p72  (4).  The  concentrations  of  at  least  the  first 
two  of  these  increase  during  mouse  mammary  tumorigenesis  as  does  the  splicing  of  the 
variable  exons  they  bind  (2).  In  a  final  set  of  experiments  we  began  asking  if 
transcription  factors  could  play  a  role  in  the  recognition  of  CD44  alternative  exons, 
especially  those  transcription  factors  that  are  important  for  development  of  breast  cancer. 
In  these  experiments  we  have  discovered  that  the  alternative  splicing  of  CD44  was 
altered  by  steroid  hormones  and  receptors  when  the  transcription  of  the  gene  was  driven 
by  a  steroid-responsive  promoter.  These  results  suggest  an  interesting  interplay  between 
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transcription  and  splicing  that  would  alter  splicing  under  conditions  where  hormones  and 
their  receptors  are  altering  transcription. 


BODY 

ACE  elements.  Unlike  many  alternative  exons,  CD44  variable  exon  v4  lacks  a 
recognizable  purine-rich  enhancer  element.  Instead  the  exon  is  C/A-rich  containing  C/A- 
rich  blocks  that  we  have  termed  ACE  elements.  Despite  their  common  occurrence,  few 
laboratories  have  delved  into  the  mode  of  recognition  of  this  class  of  enhancer.  ACE 
elements  have  been  isolated  in  iterative  selection  approaches  to  identifying  common  exon 
enhancers  and  are  a  major  class  of  enhancer  present  in  both  alternative  and  constitutively- 
recognized  exons  (5).  We  have  shown  that  mutation  of  the  CD44  exon  v4  ACE  element 
significantly  depresses  exon  recognition  in  vivo  (3)  Thus,  this  exon  represents  a  natural 
exon  regulated  by  ACE  elements  and  presents  a  model  system  for  studying  the  factors 
and  mechanisms  that  regulate  recognition  of  this  major  class  of  exon  element. 

YB-1  and  CD44  Splicing.  Fortuitously  we  began  our  study  of  CD44  splicing  just 
as  a  local  colleague,  Tom  Cooper,  isolated  an  ACE  element  using  an  in  vivo  selection 
strategy  for  identification  of  exon  enhancers  (5).  We  immediately  thought  to  ask  if  the 
protein  that  bound  the  Cooper  selected  ACE  (the  y-box  binding  protein  YB-1)  would 
bind  to  and  affect  splicing  of  exon  v4.  Our  experiments  indicated  that  YB-1  enhanced 
CD44  exons  v4  and  v5  inclusion  using  a  reporter  mini-gene  that  included  exon  v4  and  v5, 
along  with  the  natural  introns  sequences  surrounding  and  between  them.  Co-expression 
of  YB-1  along  with  the  mini-gene  increased  v4  inclusion  from  25%  to  over  80%.  In 
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addition,  YB-1  bound  to  CD44  exon  v4  sequences  and  binding  was  ACE-dependent. 
These  results  implicated  YB-1  in  exon  recognition  and  CD44  alternative  splicing.  These 
results  were  recently  published. 

Ours  was  the  first  report  of  a  non-SR  protein  binding  to  an  exon  enhancer 
sequence  and  activating  splicing.  Other  known  non-SR  proteins  that  bind  exon  elements 
have  been  demonstrated  to  be  inhibitory  for  recognition,  not  stimulatory.  This  was  also 
the  first  suggestion  that  YB-1  could  be  involved  in  RNA  processing.  Studied  initially  as  a 
transcription  factor,  the  YB-1  protein  binds  to  both  single  stranded  RNA  and  DNA 
(reviewed  in  6),  the  preferred  promoter  sequence  bound  by  YB-1  is  CCAAT.  It  has  also 
been  implicated  in  RNA  stability  via  binding  to  C/A-rich  sequences  in  the  3’-UTR  of 
affected  mRNAs.  Our  experiments  indicated  that  YB-1  did  not  alter  the  stability  of  RNAs 
containing  CD44  exon  v4,  not  did  it  affect  transcription  of  our  reporter  genes  although 
preliminary  experiments  indicated  that  it  may  increase  transcription  of  the  endogenous 
CD44  gene.  Our  finding  of  the  involvement  of  YB-1  in  CD44  alternative  splicing 
suggests  that  YB-1  may  be  an  important  splicing  factor. 

Tra2  and  CD44  splicing.  One  other  prominent  C/A-rich  exon  enhancer  has  been 
well  characterized  -  that  occurring  in  the  Drosophila  doublesex  female-specific 
alternative  exon  (reviewed  in  7).  The  C/A-rich  enhancer  in  this  exon  closely  resembles 
the  CD44  exon  v4  ACE  element  that  binds  YB-1.  In  collaboration  with  Bill  Mattox  at 
M.D.  Anderson  in  Houston,  we  asked  if  human  Tra2  (8)  might  be  involved  in  exon  v4 
recognition.  Indeed  co-expression  of  Tra2a  or  p  with  our  CD44  mini-gene  containing 
exons  v4  and  v5  increased  inclusion  of  both  exons  from  25  to  60%.  Although  not  as 
powerful  an  activator  as  YB-1,  these  observations  suggest  that  Tra2  proteins  might 
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participate  in  exon  v4  recognition.  Co-transfection  with  both  proteins  gave  high  inclusion 
levels  suggesting  that  they  do  not  compete  for  exon  v4  binding.  In  fact,  Tra2  activated 
YB-1  binding.  When  we  incubated  baculovirus-purified  recombinant  Tra2a  or  P  and  e. 
co//-purified  recombinant  YB-1  with  an  RNA  containing  v4  sequences,  the  UV  cross- 
linking  of  YB-1  to  RNA  was  greatly  enhanced.  The  cross-linking  of  Tra2,  in  contrast, 
decreased,  suggesting  that  interaction  between  the  two  proteins  altered  Tra2  association 
with  RNA.  Gel  shift  experiments  indicated  that  both  proteins  could  bind  to  the  RNA 
simultaneously.  Tra2  would  also  be  expected  to  bind  to  exon  v5  to  a  characterized 
enhancer  in  this  exon  of  sequence  GAAGAA,  a  sequence  isolated  as  a  preferred  Tra2 
binding  site  by  iterative  selection  experiments  (9).  Therefore,  we  propose  that  both  YB-1 
and  Tra-2  bind  to  the  alternative  CD44  exon(s)  that  we  are  studying;  furthermore,  that 
these  two  proteins  may  interact  during  this  process.  We  are  in  the  process  of  writing  a 
manuscript  detailing  the  Tra2  results. 

We  also  looked  at  the  effects  of  other  SR  proteins  on  CD44  v4  and  v5  splicing. 
Most  tested  SR  proteins  were  negative  for  stimulation  in  a  transfection  assay,  including 
ASF/SF2,  9G8,  SRp40,  and  SRp55.  Both  SRp20  and  SRp75  demonstrated  modest 
positive  effects  on  inclusion.  SRp20  increased  inclusion  of  both  exons  from  25  to  40%. 
SRp75  increased  splicing  of  both  exons  weakly  but  had  a  pronounced  effect  on  inclusion 
of  only  one  of  the  two  exons,  although  we  do  not  yet  know  which  one.  It  should  be  noted 
that  all  of  the  CD44  variable  exons  have  either  GAA  or  CAA  rich  enhancers  suggesting 
coordinate  inclusion  of  these  exons.  In  fact,  certain  experiments  have  indicated 
mandatory  co-inclusion  (10).  It  is  therefore  possible  that  YB-1  and  Tra2  are  major 
effectors  for  CD44  alternative  splicing. 
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Exon  v5  has  been  reported  by  other  laboratories  to  contain  both  an  enhancer  and  a 
silencer  element  that  regulate  inclusion  using  reporter  RNAs  containing  v5  as  the  only 
CD44  exon.  HnRNP  A1  has  been  reported  to  be  a  negative  regulator  for  this  exon  (11) 
and,  indeed  when  we  co-transfect  hnRNP  A1  we  see  increased  production  of  an  RNA 
containing  only  v4  and  a  decrease  in  RNA  containing  both  exons.  As  described  in  a  later 
section  we  have  also  observed  negative  inclusion  effects  in  experiments  with  SC35. 

Helicase  P72  and  CD44  Splicing.  In  addition  to  binding  to  ACE  elements  in 
CD44  exon  v4,  YB-1  was  recently  observed  to  bind  to  another  RNA  containing  C/A-rich 
sequences,  the  transcriptional  co-activator  RNA  SRA,  and  to  act  as  a  transcriptional  co¬ 
activator  as  a  result  of  this  interaction  (12).  The  O’Malley  laboratory  at  Baylor  works 
with  SRA  (13)  and  had  also  observed  YB-1  binding  to  SRA  along  with  an  RNA  helicase, 
p72.  P72  is  a  member  of  the  DEAD  box  family  of  RNA  helicases  (14)  and  is  extremely 
similar  to  p68  (15-17),  a  helicase  observed  as  a  constituent  of  an  in  vitro  reconstituted 
spliceosome  (18).  We  decided  to  test  if  p72  would  have  an  effect  on  CD44  alternative 
splicing.  Co-transfection  of  p72  with  our  reporter  construct  demonstrated  an 
enhancement  of  inclusion  of  both  exons  from  25  to  75%  (Figure  1).  The  effect  was 
specific  for  p72;  p68  did  not  activate  CD44  splicing  (Figure  1). 

P72  is  a  prototypic  DEAD-box  helicase  with  regions  that  bind  RNA  and  ATP 
(Figure  2).  Its  central  helicase  motifs  are  over  90%  similar  to  those  in  p68  and  both 
proteins  are  considerably  more  similar  to  each  other  than  to  other  helicases  (14).  In 
contrast  to  p68,  p72  has  N-terminal  and  C-terminal  domains  that  are  more  frequently 
found  in  hnRNP  proteins  that  play  roles  in  splicing.  These  domains  include  multiple 
RGG  repeats  thought  to  be  able  to  bind  RNA,  and  C-terminal  SG-rich  and  poly-proline 
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regions  important  for  protein-protein  interactions.  Mutation  of  the  ATPase  domain  of  the 
helicase  depressed  the  ability  of  the  protein  to  stimulate  CD44  exon  v4  splicing  (Figure 
2).  Deletion  of  the  C-terminal  region  of  the  protein  including  the  RNA-binding  domain 
and  the  SG-rich  and  proline-rich  regions  also  depressed  activation.  Interestingly, 
mutation  of  one  of  the  conserved  helicase  motifs,  a  SAT  sequence  thought  to  be 
important  for  a  conformational  change  necessary  for  RNA  unwinding  (19,20),  had 
minimal  impact. 

The  effect  of  p72  on  splicing  was  exon-specific.  We  have  not  observed  effects  on 
other  types  of  alternative  processing  including  recognition  of  alternative  5’  splice  sites, 
recognition  of  an  alternative  3 ’-terminal  exon  (from  the  CT/CGRP  gene),  or  recognition 
of  weak  internal  exons  lacking  known  ACE  elements.  Increasing  p72  concentration  in 
vivo  could  not  by-pass  the  inhibitory  effect  of  mutation  of  the  exon  v4  ACE  element  on 
exon  v4  splicing.  Given  these  observations,  we  propose  that  p72  is  an  exon-specific 
splicing  enhancement  factor  recruited  to  ACE-containing  exons. 

Hormone-dependent  splicing.  During  the  last  year  we  have  begun  a  very 
exciting  set  of  experiments  to  dissect  the  interplay  between  splicing  and  transcription  at 
the  molecular  level.  We  began  this  endeavor  by  examining  the  effect  of  promoters  and 
co-activators  on  splicing  phenotypes.  We  were  obviously  influenced  in  these  experiments 
by  tantalizing  experiments  in  other  laboratories  indicating  that  altering  promoters  altered 
splicing  phenotypes  (21,22).  We  had  a  more  immediate  stimulus,  however,  in  our 
observed  binding  of  the  splicing/transcription  factors  YB-1  and  helicase  p72  to  both 
CD44  exon  sequences  and  to  the  steroid  hormone  transcriptional  co-activator,  SRA. 
Although  the  latter  binding  could  very  well  be  involved  in  the  splicing  of  the  SRA  RNA 
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rather  than  in  its  functioning,  the  serendipity  of  the  observations  in  our  lab  about  CD44 
and  the  O’Malley  lab  about  SRA  caused  us  to  initiate  a  set  of  experiments  looking  at 
promoter-hormone  effects  on  CD44  splicing. 

Because  most  experiments  published  in  this  area  have  looked  at  only  a  minimal 
number  of  promoter-gene  combinations,  we  wanted  to  look  at  a  number  of  combinations 
to  see  if  any  stimulation  of  transcription  could  effect  splicing  changes  or  if  there  was  a 
specificity  to  the  interaction.  As  shown  in  Table  I,  amazing  receptor-promoter-target 
specificity  was  observed,  suggesting  an  informational  rather  than  generic  link  between 
transcription  and  splicing.  The  most  common  co-effect  upon  addition  of  hormone  and 
receptor  was  an  increase  in  transcription  and  an  increase  in  exon  skipping  using  the  CD44 
reporter  gene.  Both  effects  required  both  the  receptor  and  the  hormone  and  non-cognate 
sets  of  promoter-receptor-hormone  were  ineffective.  Receptors  and  hormone  were  unable 
to  affect  splicing  when  transcription  was  driven  from  a  promoter  that  does  not  respond  to 
either  regardless  of  whether  the  promoter  was  extremely  active  (CMV)  or  weak  (HSV). 
This  observation  suggests  that  we  are  not  looking  at  an  indirect  effect  of  receptor  or 
hormone  on  splicing  factors. 

We  do  not  think  that  the  observed  effect  was  caused  by  an  increase  in  RNA 
precursor  levels  per  se.  Some  receptor-promoter  combinations  activated  transcription  but 
were  ineffective  for  altering  splicing  phenotypes.  In  addition,  hormone  activated 
transcription  from  the  receptor  responsive  promoters  was  always  considerably  less  than 
from  the  CMV  promoter  and  yet  there  was  more  exon  inclusion  with  the  more  active 
promoter.  Perhaps  the  most  persuasive  observation  for  a  specific  interaction  between 
hormone  regulated  transcription  and  exon  recognition  came  from  the  experiments 
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comparing  the  ability  of  the  alpha  and  beta  forms  of  the  estrogen  receptor  to  affect 
splicing  phenotypes.  The  two  forms  of  the  receptor  are  very  similar.  Both  activated  the 
(ERE)2TATA  promoter  for  transcription  but  only  the  alpha  form  was  capable  of  altering 
splicing  phenotypes.  Although  the  transcription  field  has  not  yet  deciphered  the  cellular 
transcriptional  roles  for  two  forms  of  this  receptor,  their  differential  impact  on  splicing 
suggests  specificity  in  the  interaction  between  transcription  and  splicing. 

We  also  used  two  additional  splicing  reporters  as  part  of  this  study  -  one 
containing  the  alternative  exon  from  the  calcitonin/CGRP  gene  that  we  use  to  study 
alternative  polyadenylation  (23)  and  a  non-natural  construct  containing  two  exons 
derived  from  adenovirus  in  which  the  first  exon  has  been  partially  duplicated  to  create  a 
first  exon  with  two  5’  splice  sites.  Splicing  of  the  CT/CGRP  exons  responds  to  increased 
levels  of  SRp20,  ASF/SF2,  U1  snRNPs,  and  PTB  to  produce  more  RNA  including  the 
CT  3 ’-terminal  exon;  5’  splice  site  usage  in  the  adenovirus  mini-gene  responds  to  altering 
concentrations  of  SR  proteins  with  different  members  of  the  family  activating  different  5’ 
splice  sites.  Splicing/polyadenylation  of  the  CT/CGRP  mini-gene  did  not  alter  when 
driven  by  a  steroid-responsive  promoter  suggesting  both  specificity  in  the  observed 
response  of  CD44  and  that  we  were  most  likely  not  looking  at  interactions  between 
transcription  and  polyadenylation  in  our  assays.  The  adenovirus  constructs  did  respond, 
although  to  different  receptor  -  hormone  combinations  that  did  the  CD44  reporter.  Like 
the  CD44  reporter  construct,  there  was  a  splicing  shift  when  transcription  was  driven  by 
the  (PRE)2TATA  promoter  in  the  presence  of  GR  and  dexamethasone.  The  alteration 
produced  more  RNA  resulting  from  usage  of  the  promoter-proximal  5’  splice  site  (using 
standard  splicing  nomenclature  this  is  called  the  distal  site  because  it  is  further  away  from 
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the  3’  splice  site  of  the  affected  intron).  This  same  phenotype  was  observed  for  the  two 
other  combinations  that  increased  transcription,  including  the  combination  of 
(PRE)2TATA  -  androgen  receptor  -  R1881  which  had  no  effect  on  CD44  splicing.  Again 
these  results  suggest  specific  interactions  rather  than  generic  uncoupled  effects. 

The  results  with  the  adenovirus  reporter  are  hard  to  put  in  a  cellular  context 
because  of  the  artificiality  of  the  construct.  It  is  possible  that  the  effects  being  measured 
reflect  generic  effects  of  transcription  rate  on  splice  site  choice.  The  effects  with  CD44, 
however,  were  less  related  to  transcription  rate  than  to  the  presence  of  correct  promoter- 
receptor-hormone  complexes.  There  are  also  indications  that  CD44  gene  expression  is 
altered  in  response  to  steroid  hormones  in  vivo  (49-51).  Therefore,  the  alterations  in 
CD44  splicing  we  are  observing  may  be  relevant  to  the  normal  biological  control  of 
CD44. 

It  should  be  noted  that  both  p72  and  its  related  helicase  p68  have  been 
documented  to  be  transcriptional  co-activators  for  steroid-responsive  promoters  and  to 
bind  to  steroid  receptors  and  the  RNA  co-activator  SRA  (12,24).  This  effect  was  cell  type 
specific  and  did  not  occur  in  HeLa  cells  but  did  occur  in  MCF-7  cells,  a  breast  cancer  cell 
lines  that  endogenously  expresses  the  estrogen  receptor  alpha.  We  also  observed  a  cell 
type  specificity  for  estrogen-mediated  alterations  in  splicing  but  with  the  opposite 
specificity  observed  for  p72-mediated  transcriptional  activation;  i.e.  effects  in  HeLa  but 
not  MCF-7  cells.  Although  we  don’t  yet  know  enough  to  unambiguously  understand 
what  this  difference  means  it  does  suggest  that  the  two  phenotypes  may  be  connected, 
possible  mutually  incompatible.  It  is  interesting  that  both  processes  occurred  only  with 
the  alpha  form  of  the  estrogen  receptor,  not  the  beta.  We  did  ask  if  the  RNA  co-activator 
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that  binds  p72,  SRA,  would  affect  splicing  phenotypes  and  saw  no  apparent  effect  in 
HeLa  cells.  We  used  the  major  form  of  SRA.  Because  this  RNAs  is  extensively 
alternatively  spliced  we  may  not  have  tested  the  correct  form  of  the  RNA.  The  O’Malley 
laboratory  maintains  an  interest  in  this  RNA  and  its  binding  factors  and  will  continue  this 
portion  of  the  study.  If  we  find  future  evidence  for  a  role  for  SRA  in  alternative  splicing, 
we  will  initiate  studies  to  investigate  it.  The  absence  of  an  effect,  especially  a  negative 
effect,  however,  has  temporarily  sidelined  our  interest  in  SRA. 


KEY  RESEARCH  ACCOMPLISHMENTS 

Establishment  that  CD44  alternative  splicing  changes  during  mammary 
tumorigenesis;  while  all  tumors  demonstrated  high  levels  of  alternative  splicing, 
neoplasias  varied. 

Both  tumors  and  their  metastases  demonstrated  high  levels  of  CD44  alternative 
splicing  indicating  no  significant  alterations  upon  metastasis. 

The  concentration  of  the  major  SR  splicing  factors  increased  in  tumor  cells. 
Establishment  of  an  in  vivo  transfection  system  that  carries  out  alternative  processing 
of  CD44  variable  exons  and  responds  to  exogenous  factors. 

Determination  that  human  Tra2a  influences  CD44  alternative  splicing 
Determination  that  SRp20  and  SRp75  also  influence  CD44  alternative  splicing 
Determination  that  purified  recombinant  Tra2a  binds  to  CD44  exon  sequences  in 
vitro. 

Determination  that  Tra2a  is  induced  during  mouse  mammary  tumorigenesis. 
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Determination  that  recombinant  Tra  2a  activates  the  binding  of  the  y-box  protein 
YBl  to  CD44  exon  sequences 

Determination  that  human  YBl  influences  CD44  alternative  splicing  in  vivo 
^  Determination  that  AC-rich  sequences  within  exon  v4  are  important  for  in  vivo 
splicing  of  exon  4,  in  vitro  assembly  of  exon  4  and  YBl  binding. 

Determination  that  YBl  is  induced  during  mouse  mammary  tumorigenesis. 
Determination  that  the  ATP-dependent  DEAD-box  helicase  p72  influences  CD44 
alternative  splicing  in  vivo. 

Determination  that  the  ATP  and  RNA  binding  domains  of  p72  are  required  for 
activation  of  CD44  splicing  by  p72. 
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CONCLUSIONS 


Our  results  indicate  that  alternative  splicing  of  CD44  is  a  complicated  process 
involving  multiple  factors  that  participate  in  both  the  slicing  and  transcription  processes. 
We  have  identified  three  factors  that  increase  CD44  alternative  splicing  irrespective  of 
the  promoter;  two  of  these  are  RNA  binding  proteins  and  the  third  is  an  RNA  helicase. 
The  two  RNA  binding  proteins,  the  y-box  binding  protein  YB-1  and  the  SR  protein 
human  Tra2,  are  induced  in  mammary  tumorigenesis,  indicating  that  they  may  play  an 
important  role  in  the  up-regulation  of  CD44  alternative  splicing  seen  during  this  process. 
This  is  the  first  report  of  a  non-SR  protein  acting  as  an  enhancer  of  splicing  by  binding  to 
exon  regulatory  elements.  Our  discovery  that  an  RNA  helicase  enhances  exon 
recognition  is  the  first  demonstration  that  this  important  class  of  protein  is  involved  in 
alternative  pre-mRNA  processing,  presumably  reflecting  the  large  number  of  RNA  and 
protein  rearrangements  that  must  occur  during  assembly  of  the  active  spliceosome. 
Finally  we  have  shovm  that  steroid  hormones  and  their  receptors  can  regulate  CD44 
alternative  splicing  when  transcription  is  driven  by  a  steroid-responsive  promoter.  This  is 
an  exciting  discovery  linking  transcriptional  control  to  regulation  of  alternative  splicing. 
Use  of  the  system  should  permit  deciphering  the  molecular  mechanism  whereby  the  two 
processes  interact  and  are  regulated  both  in  normal  cells  and  in  disease. 
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APPENDIX 


FIGURE  1.  Increasing  the  in  vivo  concentration  of  p72  RNA  helicase  increases  inclusion 
of  CD44  variable  exons  v4  and  v5.  (A)  CD44  alternative  splicing:  Line  1,  The  exon 
strueture  of  the  human  CD44  gene  is  depicted.  Constitutive  exons  are  in  black  and 
alternative  exons  (termed  variable  exons)  are  in  gray.  Line  2,  The  employed  CD44  mini¬ 
gene  in  which  CD44  variable  exons  v4  and  v5  and  their  surrounding  intron  sequences 
have  been  inserted  into  a  p-globin  mini-gene  driven  from  the  CMV  promoter  is  depicted. 
Globin  exons  eire  white,  CD44  exons  are  gray.  Line  3,  The  sequence  of  CD44  exon  v4. 
Exon  sequences  are  capitalized;  intron  sequences  are  lower  case.  The  CA-rich  “ACE” 
exon  enhancer  is  underlined.  (B)  Transfection  of  p72  or  p68.  The  mini-gene  shown  in 
(A)  was  co-transfected  into  HeLa  cells  with  0,  1,  2,  or  4  pg  of  an  expression  plasmid 
coding  for  full  length  human  p72  (lanes  1-4)  or  human  p68  (lanes  5-8).  RNA  splicing 
patterns  were  characterized  by  RT/PCR  amplification  of  total  cell  RNA  using  primers 
specific  for  the  exons  flanking  the  CD44  variable  exons.  Bands  corresponding  to 
inclusion  of  no  CD44  exons  (the  skip  product),  one  CD44  variable  exon,  or  both  CD44 
variable  exons  are  indicated.  Identity  of  each  band  was  confirmed  by  sequencing  of  PCR 
products.  Numbers  below  the  gels  indicate  the  percentage  of  produet  RNA  containing 
both  exons  v4  and  v5  as  determined  by  scanning  of  gels  in  the  Phosphoimager. 

FIGURE  2.  Maximum  stimulation  of  CD44  alternative  splicing  required  multiple 
domains  within  p72.  Four  mutants  of  p72  were  prepared  and  assayed  by  eo-transfection 
with  the  CD44  mini-gene.  (A)  Diagram  of  the  constructed  mutations.  Domains  of  p72 
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are  indicated  by  boxes.  The  pi 42  mutation  was  a  lysine  to  arginine  substitution  at  amino 
acid  142  within  the  ATP-binding  domain;  p277  was  a  serine  to  leucine  alteration  at 
amino  aeid  277  in  the  SAT  domain  thought  to  affect  protein  conformation;  p300  was  a 
translational  stop  mutation  introduced  at  amino  acid  300  to  produce  a  protein  lacking  the 
RNA  binding  domain;  and  p437  was  a  truncation  mutant  at  amino  acid  437  lacking  the 
SG-rich  C-terminal  tail  of  the  protein.  All  mutants  contained  an  N-terminal  flag  tag 
equivalent  to  that  present  in  the  wild  type  protein.  (B)  Western  blot  of  total  cell  protein 
following  transfection  with  the  indicated  p72  genes.  Detection  was  with  the  anti-flag 
antibody.  (C  and  D)  Quantification  of  the  ability  of  each  mutant  protein  to  affect  the 
inclusion  of  CD44  variable  exons  v4  and  v5.  The  percentage  of  RNA  resulting  from  the 
inclusion  of  variable  exons  v4  and  v5  was  calculated  from  Phosphoimager  tracing  of  a 
gel  of  RT/PCR  amplification  of  RNA  from  co-transfections  of  the  CD44  mini-gene  and 
various  forms  of  p72  as  in  Figure  2.  Standard  deviations  from  multiple  experiments  are 
indicated. 
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Table  1.  Effect  of  Steroid  Hormones  and  Receptors  on  CD44  Splicing 

Transcription 


Promoter 

Receptor 

Hormone 

phenotype 

Splicing  Phenotype 

Hormone  regulatable  promoters  (when  cognate  receptors  present) 

MMTV 

progesterone  receptor 

progesterone 

increased 

increased  skipping 

MMTV 

none 

progesterone 

no  effect 

no  effect 

MMTV 

progesterone  receptor 

none 

no  effect 

no  effect 

MMTV 

glucocorticoid  receptor 

dexamethasone 

increased 

increased  skipping 

MMTV 

androgen  receptor 

R1881 

increased 

no  effect 

MMTV 

estrogen  receptor  a 

estradiol  (E2) 

no  effect 

no  effect 

MMTV 

estrogen  receptor  p 

estradiol  (E2) 

no  effect 

no  effect 

(ERElzTATA 

estrogen  receptor  a 

estradiol  (E2) 

Increased 

increased  skipping 

(ERE)2TATA 

estrogen  receptor  p 

estradiol  (E2) 

Increased 

no  effect 

(PRElzTATA 

glucocorticoid  receptor 

dexamethasone 

Increased 

increased  skipping 

(PRElzTATA 

androgen  receptor 

R1881 

Increased 

no  effect 

Promoters  not 

regulatable  by  hormones 

HSV 

glucocorticoid  receptor 

dexamethasone 

no  effect 

increased  skipping 

HSV 

estrogen  receptor  a 

estradiol  (E2) 

no  effect 

no  effect 

CMV 

estrogen  receptor  a 

estradiol  (E2) 

no  effect 

no  effect 

CMV 

glucocorticoid  receptor 

dexamethasone 

no  effect 

no  effect 

The  CD44  reporter  gene  depicted  in  Figure  1  was  placed  downstream  of  the  various 
promoters  described  in  the  table  in  a  eukaryotic  expression  vector.  The  reporter  mini¬ 
genes  were  co-transfected  with  the  indicated  receptors  and  the  transfected  cells  were 
treated  with  the  indicated  hormone  for  24  hours  beginning  24  hours  post  transfection. 
RNA  was  harvested  at  48  hours  and  assayed  for  splicing  phenotype  as  in  Figure  1. 
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Exon  enhancers  are  accessory  pre-mRNA  splicing  sig¬ 
nals  that  stimulate  exon  splicing.  One  class  of  proteins, 
the  serine-arginine-rich  (SR)  proteins,  have  been  dem¬ 
onstrated  to  bind  enhancers  and  activate  splicing. 
Here  we  report  that  A/C-rich  exon  enhancers  (ACE 
elements)  are  recognized  by  the  human  YB-1  protein, 
a  non-SR  protein.  Sequence-specific  binding  of  YB-1 
was  observed  both  to  an  ACE  derived  from  an  in  vivo 
iterative  selection  protocol  and  to  ACE  elements  in  an 
alternative  exon  (v4)  from  the  human  CD44  gene.  The 
ACE  element  that  was  the  predominant  YB-1  binding 
site  in  CD44  exon  v4  was  required  for  maximal  in  vivo 
splicing  and  in  vitro  spliceosome  assembly.  Expression 
of  wild-type  YB-1  increased  inclusion  of  exon  v4, 
whereas  a  truncated  form  of  YB-1  did  not.  Stimula¬ 
tion  of  exon  v4  inclusion  by  wild-type  YB-1  required 
the  ACE  necessary  for  YB-1  binding  in  vitro,  suggest¬ 
ing  that  YB-1  stimulated  exon  inclusion  in  vivo  by 
binding  to  an  exonic  ACE  element.  These  observations 
identify  a  protein  in  addition  to  SR  proteins  that  par¬ 
ticipates  in  the  recognition  of  exon  enhancers. 
Keywords',  alternative  splicing/CD44/exonic  splicing 
enhancer/pre-mRNA/YB- 1 


Introduction 

Pre-mRNA  splicing  involves  the  cumulative  recognition 
of  multiple  short  elements  by  a  large  number  of  RNA  and 
protein  factors.  It  has  become  clear  that  sequences  in 
addition  to  splice  sites  play  an  important  role  in  discerning 
exons  from  introns  during  the  earliest  steps  of  precursor 
RNA  recognition  (reviewed  in  Black,  1995;  Reed,  1996; 
Cooper  and  Mattox,  1997).  Accessory  elements  located 
within  the  recognized  exon  or  flanking  introns  can  either 
stimulate  or  depress  recognition.  Despite  the  ramifications 
for  coding  capacity,  a  large  number  of  exons,  including 
both  alternatively  spliced  exons  and  constitutively  rec¬ 
ognized  exons,  contain  short  enhancer  sequences  that 
activate  both  .splicing  and  spliceosome  formation. 

The  splicing  factors  known  to  recognize  exon  en¬ 
hancers  are  the  arginine-serine-rich  (SR)  proteins  (Tacke 
and  Manley,  1999).  This  large  family  of  proteins  is 


characterized  by  the  presence  of  one  or  more  RNA 
recognition  motifs  (RRMs)  and  a  frawi-activation  domain 
characterized  by  SR  dipeptides.  When  bound  to  exon 
enhancers,  SR  proteins  are  thought  to  interact  with 
constitutive  splicing  factors  bound  to  3'  and  5'  splice 
sites,  including  U2AF  and  U 1  snRNPs,  thereby  activating 
the  earliest  steps  in  exon  recognition.  The  major  members 
of  this  family  of  proteins  bind  with  high  affinity  to  the 
major  class  of  characterized  exon  enhancer — the  purine- 
rich  enhancers  characterized  by  internal  repeats  of 
sequence  GAR. 

Sequences  other  than  purine-rich  repeats  have  also  been 
characterized  as  exon  enhancers  (Dominski  and  Kole, 
1994;  Staknis  and  Reed,  1994;  van  Oers  etal.,  1994;  Wang 
et  al.,  1995;  Coulter  et  ah,  1997;  Cooper,  1999;  Gersappe 
and  Pintel,  1999;  Schaal  and  Maniatis,  1999a,b).  Some  of 
these  also  bind  SR  proteins.  Interestingly,  no  other  class  of 
factor  has  been  implicated  as  binding  exon  enhancer 
sequences  other  than  SR  proteins. 

In  this  report  we  focus  on  a  newly  discovered  class 
of  exon  enhancers — the  A/C-rich  enhancers,  or  ACE 
elements — that  have  been  identified  both  in  natural  genes 
and  in  experiments  designed  to  select  exon  enhancer 
elements  (van  Oers  etal,  1994;  Wang  etal.,  1995;  Coulter 
et  al.,  1997;  Schaal  and  Maniatis,  1999b).  We  show  that 
the  major  nuclear  protein  binding  the  ACE  element  is 
the  single-stranded  nucleic  acid  binding  protein  YB-1.  The 
element  did  not  bind  classic  SR  proteins  nor  was 
the  binding  of  YB-1  stimulated  by  SR  proteins,  suggesting 
that  YB-1 -mediated  exon  recognition  could  be  an 
alternative  mechanism  of  exon  enhancer  activity. 

ACE  sequences  were  observed  in  a  natural  alternative 
exon  from  the  human  CD44  gene.  Pre-mRNA  from  the 
human  CD44  gene  undergoes  extensive  alternative  spli¬ 
cing  within  a  block  of  at  least  10  exons  (Giinthert,  1993; 
Mackay  et  al.,  1994).  Increased  inclusion  of  some  of  these 
exons  has  been  correlated  to  cancer  and  metastasis 
(Giinthert  et  al.,  1991;  Fox  et  al.,  1994).  The  alternative 
exon  v4  contains  three  ACE  elements  that  were  required 
for  efficient  splicing  in  vivo  and  spliceosome  assembly 
in  vitro.  YB-1  bound  the  exon  v4  and  stimulated  exon 
inclusion  in  vivo  in  an  ACE-dependent  fashion.  Our  results 
demonstrate  that  YB-1  is  required  for  ACE-dependent 
exon  v4  inclusion  and  provide  the  first  identification  of  a 
sequence-specific  RNA  binding  protein  affecting  CD44 
alternative  splicing. 

Results 

A  50  kDa  nuclear  protein  binds  to  ACE  elements 

We  have  previously  identified  a  class  of  ACE  sequences 
via  an  in  vivo  iterative  selection  strategy  (Coulter  et  al., 
1997).  In  this  strategy,  a  13  nucleotide  cassette  of  random 
nucleotides  (6  X  10’  potential  sequences)  was  inserted 
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4.11.12  ACEsel  CACCAGUCACCGC 

12  mu  1  ACE  sel  Mutl  CUGGCGUCGUCGC 


33.4 
.3 


^1  2  3  4  5  6  7  8  9  lj|  jl  12  13  14  Ij 

^  ^  Substrate 

ACE  sel  ACE  sel  Mutl 

Fig.  1.  A/C-rich  exon  enhancers  bind  a  50  kDa  nuclear  protein. 

(A)  Sequence  of  one  of  the  13  nucleotide  ACE  exon  enhancers 
identified  by  iterative  in  vivo  selection  from  13  random  nucleotides 
u.sing  the  diagrammed  mini-gene  (Coulter  et  al..  1997),  The  4.1 1.12 
isolate,  referred  to  here  as  ACE  sel,  is  shown  along  with  a  mutant 
version.  (B)  In  vivo  exon  inclusion  activity  of  the  sequences  shown  in 
(A).  Activity  was  tested  in  a  heterologous  exon  context  (Coulter  el  al., 
1997).  (C)  In  vitro  UV  cross-linking  of  a  51  nucleotide  RNA  including 
two  copies  of  the  ACE  sel  sequence  from  (A)  (see  Materials  and 
methods).  Radiolabeled  RNA  substrates  as  indicated  beneath  the  gel 
were  incubated  for  10  min  under  standard  in  vitro  splicing  conditions 
using  HeLa  nuclear  extract  in  the  presence  of  increasing  concentrations 
(0,  1,  5,  10  and  25  pmol)  of  competitor  RNAs  containing  the  sequences 
shown  above  the  gel.  Following  cross-linking  and  RNase  digestion, 
cross-linked  proteins  were  resolved  by  1 1%  SDS-PAGE.  A  prominent 
50  kDa  band  that  was  cross-linked  to  wild-type  but  not  mutant  RNA  is 
indicated  by  an  arrow. 


compared  with  42%  inclusion  in  the  population  of 
sequences  used  for  selection  (Figure  IB),  demonstrating 
that  this  activity  was  independent  of  the  mini-gene  used 
for  selection.  Mutation  of  the  A/C-rich  portion  of  the 
sequence  as  diagrammed  in  Figure  lA  eliminated  enhan¬ 
cing  activity  (Coulter  et  al.,  1997).  In  this  paper  we  used 
wild-type  and  mutant  ACEs  (herein  termed  ACE  sel  and 
ACE  sel  Mutl)  containing  a  duplication  of  the  sequence 
4.1 1.12  and  the  mutant  12  mul  shown  in  Figure  1. 

To  initially  identify  proteins  in  HeLa  nuclear  extracts 
that  bind  ACE  elements,  we  performed  UV  cross-linking 
using  wild-type  and  mutant  ACE  sel  RNAs  (Figure  1C). 
We  identified  a  prominent  50  kDa  protein  (denoted  p50) 
that  strongly  cross-linked  to  wild-type  ACE  sel  RNA  but 
not  the  ACE  sel  Mutl  mutant  RNA  (Figure  1C,  compare 
lanes  1  and  11).  Furthermore,  binding  of  p50  to  ACE  sel 
was  not  efficiently  competed  by  unlabeled  ACE  sel  Mutl 
RNA  despite  being  strongly  competed  by  wild-type  RNA 
(Figure  1C,  compare  lanes  1-5  with  6-10).  This  result 
indicated  that  p50  was  a  candidate  protein  for  an  effector 
of  ACE  activity. 

p50  is  distinct  from  the  SR  proteins  that  recognize 
purine-rich  enhancers 

Our  original  iterative  selection  experiment  isolated  two 
classes  of  exon  enhancers:  ACE  sequences  and  classic 
purine-rich  enhancers  (Coulter  et  al.,  1997).  The  latter 
are  known  to  be  recognized  by  the  SR  proteins  (Tacke 
and  Manley,  1999).  To  assess  whether  SR  proteins  are 
involved  in  ACE  function,  we  first  asked  whether 
RNAs  containing  known  purine-rich  enhancers  were 
effective  competitors  for  the  UV  cross-linking  of  p50  to 
ACE  sel  RNA  (Figure  2A).  Competitors  containing  the 
well  characterized  purine-rich  enhancer  from  the  cardiac 
troponin  T  alternative  exon  5  (Figure  2B;  Ramchatesingh 
et  al.,  1995)  were  ineffective  competitors  for  p50  binding 
to  ACE  sel  RNA  (Figure  2A).  Even  a  powerful  mutant  that 
causes  higher  enhancement  than  wild  type  in  an  exon 
inclusion  assay  (Ramchatesingh  et  al.,  1995)  was  an 
ineffective  competitor.  This  experiment  suggests  that 
unlike  classic  SR  proteins,  p50  does  not  bind  strongly  to 
purine-rich  enhancers. 

Next,  we  asked  whether  semi-purified  SR  proteins 
would  effectively  UV  cross-link  to  the  ACE  sel  RNA  or 
if  they  would  enhance  UV  cross-linking  of  p50  to  the 
ACE  sel  RNA  (Figure  2C).  For  the  latter  we  first 
determined  that  p50  was  present  in  both  HeLa  nuclear 
extract  and  in  cytoplasmic  SI 00  extract  that  is  deficient  in 
nuclear  SR  proteins  (Figure  2B,  lanes  1  and  2).  As  shown 
in  Figure  2C,  the  purified  SR  preparation  showed  only 
minimal  UV  cross-linking  to  the  ACE  sel  sequence 
(Figure  2C,  lanes  3-5)  and  had  no  effect  on  the  ability 
of  p50  in  the  SI 00  extract  to  cross-link  to  the  ACE  sel 
RNA  (Figure  2C,  lanes  6-8). 


into  a  weak  alternative  exon  that  was  predominantly 
skipped  in  the  absence  of  an  enhancer  (Figure  lA  and  B). 
Three  rounds  of  transient  transfection  and  RT-PCR  were 
used  to  select  for  sequences  that  enhanced  exon  inclusion 
in  vivo.  Figure  lA  shows  the  sequence  of  one  of  the  A/C- 
rich  sequences  selected  in  this  study.  When  placed  into 
a  natural  weak  exon  from  the  cardiac  troponin  T  gene, 
this  sequence  increased  in  vivo  exon  inclusion  to  66% 


Identification  of  p50  as  the  human  Y-box  binding 
protein  YB-1 

The  p50  protein  was  purified  from  HeLa  nuclear  extract 
using  a  UV  cross-linking  assay  with  the  ACE  sel  RNA.  As 
an  initial  fractionation  attempt  we  took  advantage  of 
the  affinity  of  p50  for  poly(U)-agarose  in  1  M  NaCl. 
Proteins  were  eluted  by  repeated  washing  with  buffer 
containing  2  M  NaCl,  and  subsequently  with  guanidine 
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Fig.  2.  p50  is  distinct  from  the  SR  proteins  that  recognize  purine-rich 
enhancers.  (A)  RNAs  containing  purine-rich  enhancers  do  not  compete 
UV  cross-linking  of  p.50  to  ACE  elements.  The  ACE  sel  RNA 
described  in  Figure  1  was  subjected  to  UV  cross-linking  in  the 
presence  of  competitor  RNAs  containing  the  sequences  indicated  above 
the  gel.  The  positions  of  p50  and  molecular  weight  markers  are 
indicated.  (B)  Sequences  of  the  competitor  RNAs  which  are  derived 
from  exon  5  of  the  chicken  cardiac  troponin  T  gene  [Ramchatesingh 
et  at.,  1995,  where  they  are  referred  to  as  D2WT  (GAR  wt),  D2A2 
(GAR  down  mutant),  D2EY1  (GAR  up  mutant)].  Not  shown  are  the 
first  17  nucleotides  (ACE  sel;  see  Materials  and  methods)  or  15 
nucleotides  (GAR  wt,  GAR  down  mutant  and  GAR  up  mutant)  derived 
from  the  transcription  vector.  (C)  Preparations  of  HeLa  SR  proteins  do 
not  contain  p50,  and  SR  proteins  do  not  stimulate  the  binding  of  p50. 
UV  cross-linking  was  performed  using  in  vitro  splicing  conditions 
(Materials  and  methods)  in  either  HeLa  nuclear  (lane  1)  or  SI 00 
(lanes  2,  6,  7  and  8)  extract  or  with  increasing  amounts  (50,  100  or 
200  ng)  of  SR  proteins  (Zahler,  1999)  in  the  absence  (lanes  3,  4  and  5) 
or  presence  (lanes  6,  7  and  8)  of  SI 00  extract.  The  positions  of  p50  and 
marker  proteins  are  indicated. 


hydrochloride.  Fractions  2-A  of  the  2  M  NaCl  wash 
contained  a  prominent  50  kDa  protein  (Figure  3A),  and 
p50  UV  cross-linking  to  the  ACE  sel  RNA  was  seen  in  the 
same  fractions  (Figure  3B). 

Preparative  amounts  of  the  50  kDa  protein  were  gel 
isolated.  The  extracted  protein  UV  cross-linked  to  the 
ACE  sel  RNA  in  a  sequence-specific  manner  (data  not 
shown).  The  sequences  of  the  tryptic  peptides  (Materials 
and  methods)  identified  p50  as  human  YB-1  [also  known 
as  DNA  binding  protein  B  (DbpB);  reviewed  in  Wolffe 
et  al,  1992]. 

To  confirm  the  identification  of  p50  as  YB-1,  we 
prepared  a  rabbit  polyclonal  antibody  to  a  C-terminal  pep¬ 
tide  of  human  YB-1,  AENSSAPEAEQGGAE  (Anaspec, 
CA).  The  antibody  immunoprecipitated  a  50  kDa  protein 
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Fig.  3.  Purification  of  p50.  (A)  HeLa  nuclear  extract  was  fractionated 
on  poly(U)-agaro.se  (Materials  and  methods).  The  starting  material 
(lane  1)  and  four  successive  elution  washes  using  2  M  NaCl  are  shown 
(lanes  2-5)  in  Coomassie  Blue-stained  10%  SDS-polyacrylamide  gel. 
The  position  of  a  50  kDa  protein  in  fractions  2,  3  and  4  is  denoted  with 
an  arrow.  (B)  UV  cross-linking  of  the  column  fractions  shown  in  (A). 
Column  fractions  were  dialyzed  against  Roeder  D  (Dignam  et  al. 

1983)  and  used  in  a  standard  UV  cross-linking  assay  with  the  ACE  sel 
RNA.  The  cross-linked  p50  in  nuclear  extract  (lane  1)  and  fractions 
2-4  is  indicated. 


that  Strongly  cross-linked  to  the  ACE  sel  RNA,  confirming 
that  p50  was  YB-1  (Figure  4A).  In  addition,  purified 
N-terminal  His-tagged  recombinant  YB-1  UV  cross- 
linked  to  the  ACE  sel  RNA  (Figure  4B).  Competition 
with  ACE  sel  and  ACE  sel  Mutl  RNAs  demonstrated  that 
recombinant  YB-1  bound  with  the  same  sequence  speci¬ 
ficity  as  endogenous  p50  (Figure  4B,  compare  lanes  1-3 
with  4-6). 


YB-1  binds  to  ACE  sequences  in  a  natural 
alternative  exon 

To  a,ssess  the  potential  role  of  YB-1  in  enhancer 
recognition  and  alternative  splicing,  we  investigated  the 
function  of  both  YB-1  and  ACE  elements  in  a  natural 
alternative  exon.  The  CD44  variable  exon  4  contains 
three  A/C-rich  sequences  (denoted  in  red  in  Figure  5A) 
that  resemble  the  ACE  derived  from  iterative  selection 
(Figure  5B).  The  strong  similarity  suggested  that  YB-1 
might  be  involved  in  recognition  of  CD44  exon  v4. 

A  prominent  protein  of  50  kDa  cross-linked  to  an  RNA 
containing  the  first  49  nucleotides  of  CD44  exon  v4 
containing  ACE  1  and  ACE  2  (Figure  6A,  lane  2).  The 
protein  co-migrated  with  the  band  identified  as  YB-1, 
which  UV  cross-linked  to  the  ACE  sel  RNA  (compare 
lanes  2  and  4).  An  RNA  containing  sequences  from  intron 
9  of  CD44  did  not  cross-link  to  p50  (lane  1).  The  50  kDa 
band  that  cross-linked  to  the  exon  v4  substrate  RNA  was 
effectively  immunoprecipitated  with  the  YB-1 -specific 
antibody  (Figure  6B),  indicating  that  it  was  indeed  YB-1. 
Competition  studies  also  indicated  that  the  50  kDa  protein 
UV  cross-linking  to  sequences  in  CD44  exon  v4  was  YB-1 
(Figure  6C). 


3823 


E.Stickeler  et  at. 


YB-l 


_28 


Nuclear  Recombinant 
extract  YB-l 


Fig.  4.  Antibodies  to  YB-l  peptides  immunoprecipitate  p50.  Polyclonal 
antibodies  raised  against  a  C-terminal  peptide  of  human  YB-l  were 
used  to  immunoprecipitate  proteins  cross-linked  to  the  ACE  sel  RNA. 

(A)  Immunoprecipitation  of  cross-linking  proteins  in  HeLa  nuclear 
extract.  Duplicate  immunoprecipitations  are  shown,  Lane  1 ,  total 
cross-linking;  lanes  2  and  3,  supernatants  for  immunoprecipitations  I 
and  2;  lanes  4  and  5,  pellets  from  immunoprecipitations  1  and  2. 

(B)  Competition  of  UV  cross-linking  of  nuclear  proteins  (lanes  1-3) 
or  gel-purified  and  renatured  recombinant  human  YB-l  (lanes  4-6). 
Cross-linking  reactions  were  performed  without  competitor  (lanes  I 
and  4)  or  with  10  pmol  of  the  ACE  sel  competitor  (lanes  2  and  5) 
or  the  ACE  sel  Mut  1  competitor  (lanes  3  and  6).  The  positions  of 
HeLa  YB-l  and  recombinant  YB-l  are  indicated;  the  latter  is  slightly 
larger  as  a  result  of  the  presence  of  a  His  tag. 
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YB-1  activates  CD44  exon  v4  inclusion  in  vivo 

To  determine  the  effect  of  YB-l  on  CD44  splicing,  we  co¬ 
transfected  expression  plasmids  coding  for  wild-type  or  a 
mutant  version  of  YB-l  into  HeLa  cells  along  with  a 
reporter  construct  containing  CD44  exons  v4  and  v5 
placed  within  a  human  (J-globin  gene  (Figure  7A).  The 
mutant  YB-l  contains  a  premature  termination  codon 
resulting  in  a  truncated  YB-l  protein  (Figure  7B).  Western 
blot  analysis  demonstrated  that  both  full-length  and 
truncated  proteins  were  expressed  at  equivalent  levels 
following  transfection,  and  both  were  transported  to  the 
nucleus  (data  not  shown).  RT-PCR  analysis  of  the  RNA 
produced  from  the  co-transfected  CD44  mini-gene  dem¬ 
onstrated  that  only  28%  of  the  expressed  RNA  included 
exons  v4  and  v5  in  the  absence  of  co-transfecting 
expression  plasmid  (Figure  7C,  lane  1).  Little  RNA  was 
produced  that  resulted  from  the  inclusion  of  only  one  of 
the  CD44  exons.  Inclusion  of  both  exons  v4  and  v5  rose 
from  28  to  >80%  when  increasing  amounts  of  co¬ 
transfecting  YB-l  plasmid  were  used  (Figure  7C;  quan- 
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Fig.  5.  Human  CD44  alternative  splicing.  (A)  The  exon-intron 
architecture  of  the  human  CD44  gene  is  drawn  at  the  top.  The  10 
alternative  cassette  exons  are  depicted  in  red.  The  exon  studied  in  this 
report  is  the  fourth  variable  exon  v4.  The  sequence  of  this  exon  is 
shown  at  the  bottom  of  the  figure.  Sequences  within  the  exon  are 
indicated  with  a  gray  background.  The  red  sequence  indicates  A/C-rich 
elements  ACE  1,  ACE  2  and  ACE  3  within  exon  v4  that  are  potential 
binding  sites  for  YB-l.  (B)  A/C-rich  repeats  within  CD44  variable 
exons  4  and  5.  The  A/C-rich  sequences  from  the  two  exons  are  aligned 
and  a  consensus  repeat  sequence  (blue)  is  derived.  At  the  top  is  the 
derived  repeat  consensus  ACE  from  the  exon  selection  experiments. 


tified  in  D).  The  quantitative  nature  of  the  RT-PCR  assay 
was  demonstrated  using  co-transfection  of  two  constructs 
for  CD44  cDNAs,  one  containing  v4  +  v5  and  one  lacking 
v4  -I-  v5.  The  two  constructs  were  co-transfected  at 
varying  ratios  and  the  ratio  of  the  RT-PCR  products 
closely  matched  the  ratio  of  the  input  DNA  (data  not 
shown).  Co-transfection  with  the  mutant  form  of  YB-l 
was  unable  to  cause  full  activation  of  exon  inclusion.  This 
mutant  protein  contains  the  cold  shock  domain  (CSD), 
which  is  thought  to  be  the  nucleic  acid  binding  domain  of 
the  protein  (Wolffe  et  al.,  1992)  but  is  lacking  other 
domains.  Consistent  with  these  reports,  recombinant 
truncated  YB-l  displays  sequence-specific  binding  to 
ACE  elements  (data  not  shown).  In  its  inability  to  perform 
wild-type  function,  the  mutant  YB-l  behaves  like  trun¬ 
cated  SR  proteins,  which  also  fail  to  function  when  their 
SR  domains  have  been  deleted  (Tacke  and  Manley,  1999). 

YB-l  was  unable  to  affect  the  inclusion  of  a  heter¬ 
ologous  weak  exon  inserted  into  the  same  mini-gene 
backbone  (data  not  shown).  The  tested  exon  lacked 
notable  A/C-rich  sequences  and  would  not  be  expected 
to  respond  to  ACE  binding  proteins.  YB-l  also  had 
minimal  effect  on  the  ratio  of  mRNAs  expressed  from  co¬ 
transfected  CD44  cDNAs  containing  and  lacking  v4  -i-  v5 
(data  not  shown),  indicating  that  the  effect  in  Figure  7C 
was  not  a  result  of  mRNA  stability.  We  cannot  rule  out  the 
possibility  of  an  indirect  effect  of  YB-l  on  CD44  splicing 
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Fig.  6.  CD44  exon  v4  can  be  UV  cross-linked  to  YB-1.  (A)  The 
substrate  RNAs  diagrammed  below  the  gel  were  UV  cross-linked  in  a 
standard  splicing  assay  using  HeLa  nuclear  extract.  A  diagram  of  the 
region  of  the  human  CD44  gene  containing  the  fourth  and  fifth 
alternative  exons  is  indicated  below  the  gel.  Intron  9  is  the  naturally 
occurring  intron  separating  exons  v4  and  v5.  ACE  elements  within 
exon  v4  are  indicated  by  white  circles.  The  partial  exon  v4  RNAs 
shown  in  lanes  2  and  3  were  generated  by  transcript  termination  at  the 
indicated  restriction  sites,  The  ACE  sel  RNA  used  for  lane  4  is  longer 
than  the  RNA  used  for  previous  figures  (see  Materials  and  methods) 
re.sulting  in  the  cross-linking  of  a  protein  slightly  larger  than 
YB-1  in  addition  to  YB-1.  The  position  of  YB-1  is  indicated. 

(B)  Immunoprecipitation  of  cross-linked  proteins  with  an  antibody 
specific  for  YB-1.  A  substrate  RNA  containing  the  first  half  of  exon  4 
and  including  the  ACE  1  and  ACE  2  elements  (diagrammed  in  C)  was 
subjected  to  UV  cross-linking  in  a  standard  HeLa  in  vitro  splicing 
assay.  Cross-linked  proteins  were  immunoprecipitated  using  the  anti- 
YB-1  antibody  and  displayed  by  SDS-PAGE,  Lane  1,  total  proteins; 
lane  2,  supernatant;  lane  3,  precipitated  protein  (3-fold  more  of  the 
reaction  was  loaded  in  lanes  2  and  3  than  1 ;  lanes  2  and  3  came  from 
the  same  reaction).  (C)  Competition  of  YB-1  cross-linking  to  CD44 
exon  v4  with  an  RNA  containing  ACE  sel.  Two  substrate  RNAs  were 
employed:  the  exon  4  substrate  described  in  (B)  (lanes  1^)  and  the 
ACE  sel  RNA  itself  (lanes  5-8).  Competitor  concentrations  were  0, 
0.3,  3.0  and  10  pmol.  The  position  of  cross-linked  YB-1  is  indicated. 


caused  by  the  transcriptional  up-regulation  of  an  unknown 
splicing  protein.  However,  as  YB-1  binds  to  CD44  exon 
sequences,  the  most  straightforward  interpretation  of  the 
data  in  Figure  7  is  that  YB-1  participates  directly  in  the 
splicing  of  CD44  exons  v4  and  v5. 

The  CD44  exon  v4  ACE  1  and  ACE  3  elements  are 
required  for  normal  splicing  and  binding  of  YB-1 

If  YB-1  is  important  for  exon  v4  recognition,  ACE 
sequences  within  exon  v4  should  be  required  for  maximal 
activity.  To  test  this  hypothesis,  each  of  the  three  ACE 
elements  within  exon  v4  was  mutated  (Figure  8).  These 
mutants  were  transfected  into  HeLa  cells  in  the  context  of 


YB-1  Truncated  YB-1 


Fig.  7.  Transfection  of  human  YB-1  increased  the  inclusion  of  CD44 
exons  v4  and  v5.  (A)  The  reporter  mini-gene  containing  CD44  variable 
exons  v4  and  v5.  CD44  sequences  are  in  black,  human  p-globin 
sequences  are  in  gray,  and  the  CMV  promoter  is  in  white.  The  CD44 
insert  is  a  contiguous  genomic  fragment  mapping  from  792  nucleotides 
upstream  of  exon  v4  to  515  nucleotides  downstream  of  exon  v5. 

(B)  Diagram  of  the  wild-type  and  mutant  YB-1  proteins  made  from 
co-expressing  plasmids.  The  three  indicated  domains  include  an 
N-terminal  alanine-  and  proline-rich  region  (AP),  the  single-stranded 
nucleic  acid  binding  CSD  and  the  C-terminal  highly  charged  region. 

(C)  RT-PCR  analysis  of  RNAs  produced  upon  transfection  of  HeLa 
cells  with  the  reporter  shown  in  (A)  and  increasing  amounts  (0,  1,  2,  3 
or  4  |ig)  of  either  wild-type  or  mutant  YB-1  expression  plasmids. 
Duplicate  lanes  are  shown  for  each  concentration  of  the  wild-type 
YB-1.  PCR  oligonucleotides  were  complementary  to  sequences  in  the 
flanking  P-globin  exons.  Product  RNAs  resulting  from  inclusion  of 
neither  CD44  exon,  either  exon  v4  or  v5,  or  both  exons  v4  and  v5  are 
indicated.  Note  that  exons  v4  and  v5  have  such  similar  sizes  that 
inclusion  bands  resulting  from  either  of  the  exons  will  be  in  the  same 
region  of  the  gel.  Increasing  amounts  of  the  YB-1  expression  plasmid 
resulted  in  a  linear  increa.se  in  the  amount  of  YB-1  mRNA  (data  not 
shown).  (D)  Quantification  of  the  effect  of  YB-1  on  inclusion  of  CD44 
exons  v4  and  v5.  Results  of  four  independent  experiments  are  shown 
with  1  SD  indicated. 


the  mini-gene  described  in  Figure  7.  The  ACE  3  mutation 
had  the  strongest  phenotype  (Figure  8B).  It  depressed 
the  percentage  of  RNA  that  included  both  exons  v4  and 
v5  from  25  to  6%.  A  major  new  PCR  product  in  which 
only  v4  or  v5  was  included  appeared.  This  product  was 
sequenced  and  found  to  be  RNA  that  included  only 
exon  v5.  Thus,  the  mutation  had  no  effect  on  inclusion 
of  v5  as  the  fraction  of  mRNAs  that  include  v5  was 
comparable  in  wild  type  and  mACE3,  but  it  significantly 
depressed  inclusion  of  exon  v4. 

The  ACE  2  mutation  had  little  effect,  suggesting  that  it, 
alone,  is  not  a  major  sequence  regulating  exon  v4  inclu¬ 
sion.  The  ACE  1  sequence  had  an  unusual  effect.  When 
mutated,  exon  v4  and  v5  inclusion  was  increased  such  that 
47%  of  the  product  RNA  included  v4  and  v5  as  compared 
with  25%  for  the  wild  type,  suggesting  that  this  sequence 
represents  a  modest  exon  silencer.  A  silencer  with  a 
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Fig.  8.  Mutation  of  CD44  exon  v4  ACE  1  or  3  alters  in  vivo 
recognition  of  exon  v4.  (A)  The  diagrammed  mutations  were 
introduced  into  exon  v4  of  the  CD44  mini-gene  described  in  Figure  7, 
Wild-type  and  ACE  1,  2  or  3  mini-genes  were  transfected  in  duplicate 
into  HeLa  cells  and  the  splicing  phenotype  was  determined  by 
RT-PCR  as  described  in  Figure  7.  Note  that  because  exons  v4  and  v5 
are  almost  the  same  size,  products  containing  exons  v4  or  v5  alone  are 
indistinguishable  in  size.  Sequencing  of  the  band  produced  with  the 
ACE  3  mutant  indicates  that  this  RNA  product  contains  exon  v5  but 
not  v4.  Product  RNAs  including  no,  one  or  two  CD44  alternative  exons 
are  indicated.  (B)  Quantification  of  the  results  in  (A). 


different  sequence  has  been  detected  experimentally  in  the 
beginning  of  the  murine  CD44  exon  v5  as  well  (Konig 
etal.,  1998). 

Figure  9  displays  the  ability  of  the  ACE  1  and  3  mutants 
to  direct  in  vitro  spliceosome  assembly  using  a  substrate 
RNA  containing  intact  exon  v4  with  its  surrounding  splice 
sites.  Such  substrates  have  the  ability  to  assemble  the 
first  ATP-dependent  spliceosome  complex,  complex  A. 
Wild-type  RNA  forms  complex  A  (Figure  9A),  as  does  the 
ACE  1  mutant  (data  not  shown).  The  ACE  3  mutant  is 
depressed  for  complex  A  formation,  in  agreement  with  the 
in  vivo  depression  of  production  of  spliced  RNA  contain¬ 
ing  exon  4  (Figure  9).  This  result  suggests  that  at  least  a 
portion  of  the  phenotype  of  an  ACE  3  mutation  in  vivo  is  a 
result  of  a  reduced  ability  to  form  an  early  spliceosome 
complex. 

The  ACE  1-3  mutations  also  depressed  the  UV  cross- 
linking  of  YB-1  to  exon  v4  sequences  (Figure  10).  Some 
cross-linking  was  detected  with  the  ACE  1  and  ACE  2 
mutants  (Figure  10,  top),  consistent  with  the  inability  of 
these  mutants  to  adversely  affect  either  in  vivo  splicing  or 
in  vitro  assembly.  Reduced  cross-linking  was  observed 
with  the  ACE  3  mutant,  as  detected  by  both  the  cross- 
linking  of  total  proteins  (Figure  10,  top)  and  immunopre- 
cipitation  of  cross-linked  proteins  with  the  YB-1 -specific 
antibody  (Figure  10,  bottom).  This  absence  is  consistent 
with  reduced  inclusion  of  exon  v4  in  vivo  and  the  reduction 
of  in  vitro  assembly  of  exon  4  with  the  ACE  3  mutant. 

The  ACE  3  mutation  was  less  responsive  to  increasing 
concentrations  of  YB-1  than  wild  type  in  vivo  (Figure  1  lA, 
compare  lanes  1^  with  5-8).  YB-1  increased  the 
percentage  of  wild-type  product  RNA  including  both 
exons  v4  and  v5  by  40%  (Figure  IIB).  In  the  mutant, 
however,  little  RNA  was  produced  that  contained  both  v4 
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Fig.  9.  Mutation  of  ACE  3  depressed  spliceosome  assembly  on  CD44 
exon  v4.  The  wild-type  or  ACE3  mutant  substrate  RNAs  including  all 
of  variable  exon  v4  and  its  flanking  3'  and  5'  splicing  signals  were 
incubated  under  in  vitro  splicing  conditions  for  0,  2,  5,  10  or  20  min. 
Mutations  are  identical  to  those  described  in  Figure  8.  (A)  Formed 
complexes  were  analyzed  by  native  gel  electrophoresis  (Carlo  et  al, 
2000).  The  non-specific  H  complex  and  initial  ATP-dependent 
spliceosomal  A  complex  are  indicated.  (B)  Quantification  of  the 
reaction  in  (A).  The  gel  was  scanned  in  the  phosphoimager  and  the 
percentage  of  RNA  in  complex  A  was  plotted.  (C)  Quantification  of 
the  amount  of  complex  A  formed  at  20  min  from  multiple  experiments 
using  mutant  and  wild-type  siib.strate  RNA. 


and  v5.  In  the  presence  of  YB-1,  the  amount  of  mutant 
RNA  including  both  exons  increased  by  only  17%  and  the 
amount  of  RNA  including  exon  v5  alone  increased  12%. 
Thus,  increasing  the  concentration  of  YB-1  was  unable  to 
reverse  the  effect  of  the  ACE  3  mutant  in  exon  v4 
significantly.  Given  the  ability  of  YB-1  to  bind  to  both 
ACE  1  and  ACE  2  elements,  it  is  not  surprising  that  the 
ACE  3  mutant  retained  some  ability  to  respond  to  YB-1. 

Discussion 

Exon  enhancers  are  abundant  accessory  elements  that 
facilitate  the  recognition  of  exons  during  the  earliest  steps 
of  pre-mRNA  splicing.  Although  most  of  the  experimental 
attention  to  the  mechanism  of  enhancer  recognition  has 
concentrated  on  the  purine-rich  enhancers  and  the  SR 
proteins  that  recognize  them,  a  number  of  other  exon 
sequences  are  potential  enhancers  (Dominski  and  Kole, 
1994;  Staknis  and  Reed,  1994;  van  Oers  etal.,  1994;  Wang 
et  al.,  1995;  Coulter  et  al.,  1997;  Gersappe  and  Pintel, 
1999;  Schaal  and  Maniatis,  1999a,b).  One  common  exon 
enhancer  is  the  A/C-rich  ACE  element  (van  Oers  et  al., 
1994;  Wang  et  al.,  1995;  Coulter  et  al.,  1997;  Schaal  and 
Maniatis,  1999b).  Here  we  identify  the  human  Y-box 
binding  protein  YB-1  as  a  nuclear  protein  that  binds  to 
ACE  elements  and  increases  in  vivo  inclusion  of  exons 
containing  ACE  elements  in  a  fashion  that  is  dependent 
upon  both  the  presence  of  exonic  ACE  elements  and  full- 
length  YB-1  protein. 

YB-1  was  originally  identified  as  a  transcription  factor 
that  binds  single-stranded  DNA  within  the  reverse 
CCAAT  promoter  element  (Dorn  et  al.,  1987;  Didier 
et  al.,  1988),  which  is  similar  to  the  RNA  ACE  elements. 
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Fig.  10.  Mutation  of  CD44  ACE  sequences  depresses  UV  cross-linking 
of  YB- 1  .Top:  the  binding  of  YB- 1  to  wild-type  and  mutant  CD44 
exon  4  sequences  was  compared  by  UV  cross-linking.  The  substrates 
are  diagrammed  above  the  gel.  The  position  of  YB- 1  is  indicated. 
Bottom:  immunoprecipitation  of  YB-1  UV  cross-linked  to  wild-type  or 
mutant  substrates.  Cross-linked  reactions  were  immunoprecipitated 
using  the  YB-l-specific  antibody.  Proteins  from  both  the  precipitate 
and  the  supernatant  were  displayed  by  SDS-PAGE. 


Recently,  con.siderable  attention  ha.s  been  focu.sed  on 
YB-1  as  an  RNA  binding  protein  (Tafuri  and  Wolffe, 
1990;  Deschamps  et  ai,  1992;  Murray  et  al.,  1992; 
Minich  et  al.,  1993;  Evdokimova  et  al.,  1995).  YB-1  is  an 
abundant  protein  in  both  the  nucleus  and  the  cytoplasm  of 
many  cell  types  (Tafuri  and  Wolffe,  1990;  Ranjan  et  a!., 
1993).  YB-1  binds  to  cytoplasmic  mRNA  and  participates 
in  translation  regulation.  In  Xenopus,  YB-1  is  the  major 
protein  within  storage  mRNA  particles  in  oocytes 
(Darnbrough  and  Ford,  1981;  Kick  et  ah,  1987;  Tafuri 
and  Wolffe,  1990;  Murray  etal,  1991, 1992;  Marello  era/., 
1992).  In  this  case,  multiple  copies  of  the  protein  bind 
to  RNA  with  a  density  of  one  protein  molecule  per  50 
nucleotides  (Darnbrough  and  Ford,  1981;  Marello  et  al., 
1992).  In  vitro  SELEX  revealed  that  the  Xenopu.s  protein 
(FRGY2)  binds  best  to  the  sequence  AACUAC  (Bouvet 
et  al.,  1995),  similar  to  the  ACE  elements  described  in  this 
report.  No  RNA  binding  role  for  YB-1  within  the  nucleus 
had  been  reported  prior  to  this  study. 

The  structure  of  the  YB-1  protein  is  ideal  for  a  splicing 
regulatory  protein  (reviewed  in  Wolffe  et  al.,  1992).  Like 
other  RNA  binding  proteins,  the  sequence-specific  binding 
domain  of  the  protein  contains  P-sheets.  In  contrast  to  the 
four-stranded  p-sheet  associated  with  the  SR  and  hnRNP 
proteins  or  the  three- stranded  p-sheet  found  in  the  KH 
proteins,  YB-1  contains  a  five-stranded  p-barrel  known  as 
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Fig.  11.  Mutation  of  CD44  ACE  sequence.s  depres.ses  the  ability  to 
respond  to  YB-1  in  vivo.  (A)  The  mini-gene  containing  CD44  variable 
exons  v4  and  v5  was  co-transfected  with  an  expression  vector  coding 
for  YB-1  as  in  Figure  9.  The  mini-gene  contained  a  wild-type  exon  v4 
(lanes  1-4)  or  an  exon  v4  containing  the  ACE  3  mutation  (lanes  5-8). 
Increasing  amounts  of  YB-1  vector  were  used  (0,  1,  2  or  4  |lg).  The 
positions  of  RNA  species  resulting  from  the  inclusion  of  no,  one  or  two 
CD44  exons  are  indicated.  (B)  Quantification  of  the  results  in  (A). 


the  CSD  (Wistow,  1990).  YB-1  also  contains  accessory 
domains  that  are  highly  enriched  in  both  basic  amino  acids 
and  aromatic  groups,  referred  to  as  existing  in  basic/ 
aromatic  (B/A)  islands  (Murray  et  al.,  1992).  Separating 
the  B/A  islands  are  acidic  regions  predicted  to  form 
a-helices.  It  has  been  proposed  that  the  accessory  domains 
are  responsible  for  sequence-independent  RNA  binding 
and  that  the  CSD  provides  sequence  specificity  (Bouvet 
et  al.,  1995).  This  arrangement  of  a  specificity  domain 
containing  P-sheets  and  a  basic  domain  providing  generic 
RNA  binding  is  highly  reminiscent  of  the  organization  and 
functionality  of  the  SR  proteins.  The  mutant  YB-1  used  in 
this  study  is  truncated  shortly  after  the  CSD,  thereby 
eliminating  many  of  the  B/A  islands.  Its  lowered  ability  to 
stimulate  CD44  splicing  suggests  a  role  for  the  accessory 
domain  in  splicing. 

Also,  like  the  SR  proteins,  YB-1  is  highly  phos- 
phorylated.  In  Xenopus,  phosphorylation  is  required  for 
binding  to  RNA  and  specific  dephosphorylation  is 
associated  with  mRNA  release  from  storage  particles 
(Kick  et  al.,  1987;  Cummings  and  Summerville,  1988). 
A  similar  phosphorylation-dephosphorylation  cycle 
occurs  with  SR  proteins  (Tacke  and  Manley,  1999). 
Bacterially  produced  YB-1  was  able  to  bind  to  ACE 
elements  with  the  same  sequence  specificity  as  the 
HeLa  protein.  We  were,  however,  unable  to  use 
bacterially  produced  protein  to  activate  splicing  activity 
in  vitro,  suggesting  that  correct  phosphorylation  might 
be  required. 
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The  ACE  elements  and  the  YB-1  preferred  binding 
sequence  are  similar  to  the  A/C -rich  element  required  for 
exon  recognition  in  the  Drosophila  melanogaster  double¬ 
sex  gene.  The  double-sex  enhancer  binds  the  sex-regulat¬ 
ing  proteins  Tra  and  Tra  2  (Hoshijima  et  al.,  1991;  Tian 
and  Maniatis,  1992;  Lynch  and  Maniatis,  1995).  The  latter 
is  an  SR  protein,  although  it  does  not  purify  with  the  other 
‘classic’  SR  proteins.  Human  cells  have  no  Tra  orthologs, 
but  do  have  two  closely  related  Tra  2  proteins,  Tra  2a  and 
Tra  2p  (Dauwalder  et  al.,  1996;  Nayler  et  al.,  1998).  It 
might  be  predicted  that  these  proteins  will  also  bind  to  and 
regulate  ACE  elements  in  human  cells,  although  it  should 
be  noted  that  an  attempt  to  define  a  binding  site  for  human 
Tra  2  using  iterative  selection  detected  purine-rich  binding 
sites,  not  ACE  elements  (Tacke  et  al.,  1998).  Preliminary 
experiments  indicate  that  human  Tra  2  proteins  do  interact 
with  the  CD44  exon  v4  sequences  and  may  also 
interact  with  YB-1  (E.Stickeler,  A.Honig,  W.Mattox  and 
S.M.Berget,  manuscript  in  preparation).  In  contrast,  ASF/ 
SF2  and  SC35  had  no  effect  on  CD44  exon  v4  or  v5 
alternative  splicing  (data  not  shown).  Thus,  a  slightly 
different  member  of  the  SR  protein  family,  Tra  2,  may  be 
involved  in  ACE  recognition. 

We  previously  demonstrated  that  RNAs  containing 
purine-rich  exon  splicing  enhancers  inhibited  ACE- 
dependent  splicing  in  vitro,  suggesting  a  role  for  SR 
proteins  in  ACE-dependent  splicing  (Coulter  et  al.,  1997). 
Here  we  demonstrate  that  SR  proteins  do  not  bind  strongly 
to  ACEs.  Neither  do  SR  proteins  affect  binding  of  YB-1  to 
the  selected  ACE.  Together,  these  results  suggest  that  a 
role  for  SR  proteins  in  ACE-dependent  splicing  occurs 
subsequent  to  binding  of  YB-1,  consistent  with  reports 
describing  roles  for  SR  proteins  following  complex  A 
assembly  (Roscigno  and  Garcia-Bianco,  1995;  Chew  etal., 
1999).  YB-1  also  has  properties  reminiscent  of  another 
class  of  prominent  RNA  binding  proteins  that  influence 
splicing:  the  hnRNP  proteins  (reviewed  in  Weighardt 
et  al.,  1996;  Krecic  and  Swanson,  1999).  Like  the  hnRNP 
proteins,  YB-1  could  multimerize  on  RNA  to  form 
structures  that  look  like  beads  under  the  electron  micro¬ 
scope  (Tafuri  and  Wolffe,  1992).  The  functionality  of  such 
association  is  unclear,  but  could  provide  interactions 
between  exons  bearing  ACE  elements.  The  CD44  gene  has 
multiple  consecutive  alternative  exons  containing  putative 
ACE  elements.  The  simultaneous  recognition  of  multiple 
ACE  exon  enhancer  domains  by  the  self-association  of 
bound  YB-1  protein  could  explain  the  observation  that 
blocks  of  CD44  exons  are  simultaneously  included  upon 
stimulation  or  in  certain  cancers  (Fox  et  al.,  1994; 
Mackay  et  al.,  1994;  Bell  et  al.,  1998;  Stickeler  et  al., 
1999).  Interestingly,  the  increased  inclusion  of  CD44 
exons  in  cancer  coirelates  with  increased  expression  levels 
of  YB-1  (E.Stickeler  and  S.M.Berget,  unpublished  results; 
Bargou  et  al.,  1997). 

The  protein  target  by  which  the  binding  of  YB-1 
activates  exon  recognition  is  not  known.  SR  proteins  are 
thought  to  activate  splicing  by  interaction  with  constitutive 
splicing  factors,  such  as  U170K  and  U2AF.  The  only  RNA 
binding  protein  known  to  interact  with  YB-1  is  hnRNP  K 
(Funke  et  al.,  1996;  Shnyreva  et  al.,  2000).  Although  this 
interaction  is  more  relevant  to  the  cytoplasmic  activities  of 
YB-l,  it  does  suggest  that  YB-1  might  interact  with  other 
members  of  the  KH  family  of  splicing  factors.  There  are 


multiple  splicing  regulators  that  are  KH  proteins  (Siebel 
etal.,  1995;  Arning  etal.,  1996;  Min  etal.,  1997).  Perhaps 
the  most  intriguing  candidate  is  splicing  factor  1  (SFl),  a 
highly  conserved  protein  that  plays  a  role  in  early 
spliceosome  assembly  by  interactions  with  factors  bound 
to  both  5'  and  3'  splice  sites  (Berglund  et  al.,  1998).  Such 
an  interaction  would  place  interactions  between  YB-1  and 
SFl  in  a  role  analogous  and  parallel  to  the  activation  of 
early  assembly  by  interactions  between  SR  proteins  and 
U2AF/U170K. 


Plasmids  and  transfections 

In  vitro  transcription  templates  for  ACE  sel  and  ACE  sel  Mutl  RNAs 
were  produced  by  cloning  duplicate  copies  of  the  4.11.12  or  12  mul 
selected  ACE  sequences  described  in  Coulter  el  al.,  (1997)  downstream 
of  the  T7  promoter  in  Bluescript  KS+.  Cut  with  Nhel,  ACE  sel  was 
transcribed  into  a  59  nucleotide  RNA  of  sequence  GGGCGAAUU- 
GGCUAGAGCACCAGUCACCGCUACGCGUCCACCAGUCACCG- 
CCGCUAGC  (used  for  Figures  1^).  The  underlined  regions  are  the 
selected  sequences;  both  copies  were  mutated  in  the  12  mul  variant 
(sequence  in  Figure  1).  Cut  with  Accl,  a  69  nucleotide  RNA  was 
produced  that  added  the  sequence  GAUACCGUCG  to  the  3'  end  of  the 
above  RNAs  (used  for  Figure  6).  A  cDNA  clone  isolated  from  a  human 
HeLa  cell  line  and  coding  for  YB-1  was  obtained  from  P.Newburger 
(Shen  et  al.,  1998).  This  clone  contained  a  2  bp  deletion  at  amino  acid 
207  causing  a  frame  shift  and  premature  termination  of  translation  14 
amino  acids  downstream.  A  wild-type  version  of  this  expression  plasmid 
was  prepared  by  replacing  the  mutated  region  with  a  cDNA  prepared  by 
PCR  amplification  of  a  commercial  cDNA  preparation  isolated  from 
human  skeletal  muscle.  Both  were  .subcloned  into  pET28a  for  bacterial 
production  of  N-terminal  His-tagged  YB-1  protein  and  pcDNA3.1/HisC 
for  in  vivo  expression.  The  CD44  mini-gene  (Figure  7)  was  created  by 
inserting  a  genomic  fragment  from  the  human  CD44  gene  containing 
variable  exons  v4  and  v5  into  the  first  intron  of  a  P-globin  in  vivo 
expression  plasmid  derived  from  Dup  33  (Dominski  and  Kole,  1992) 
obtained  from  R.Kole,  University  of  North  Carolina,  NC.  Several 
templates  containing  CD44  exon  v4  sequences  were  used  for  in  vitro 
transcription.  A  short  version  containing  nucleotides  -20  upstream  of  the 
exon  to  -t-SO  downstream  of  the  exon  was  used  to  generate  an  RNA 
incapable  of  forming  complex  A  (because  of  deletion  of  important 
sequences  from  the  3'  splice  site)  in  Figures  6  and  7.  A  longer  clone 
including  38  nucleotides  of  the  intron  upstream  of  exon  v4  was  used  for 
in  vitro  assembly  and  some  UV  cross-linking  .studies  (Figures  9  and  10). 
Transcripts  were  produced  by  truncating  these  plasmids  within  or  after 
exon  v4  sequences  using  B.snJl  (+1 1  nucleotides  of  exon  v4),  Avail  (+49 
nucleotides  of  exon  v4)  or  Sfa\  (56  nucleotides  after  the  exon  v4  5'  splice 
site).  The  first  RNA  is  truncated  within  ACE  1,  the  second  contains 
ACE  1  and  ACE  2,  and  the  third  contains  all  three  exon  v4  ACE 
elements.  All  constructs  were  sequenced  for  verification. 

Transfections  of  HeLa  cells  using  lipofectAMINE'^“  (Gibco-BRL)  and 
isolation  of  total  cell  RNA  48  h  post-transfection  using  TRIzol™  (Gibco- 
BRL)  were  performed  following  the  manufacturer’s  instructions.  Splicing 
patterns  were  determined  by  RT-PCR  analysis  using  5'-end-radiolabeled 
primers  specific  for  P-globin  sequences  (5'-AGACACCATGCATGG- 
TGCACC  and  3'-CCTGATCAGCGAGCTCTAG).  These  primers  amp¬ 
lified  no  RNA  from  untransfected  HeLa  cells.  Amplification  conditions 
were  40  s  at  94“C,  40  s  at  58°C  and  1  min  at  72°C  for  25  cycles  (Figures  7 
and  8),  or  30  s  at  94°C,  30  s  at  62°C  and  1  min  at  72“C  for  20  cycles 
(Figure  11).  Product  DNA  was  denatured  and  displayed  on  5-6%  urea 
gels.  RNA  products  were  quantified  in  the  phosphoimager.  Identified 
amplification  products  resulting  from  the  inclusion  of  one  or  two  variable 
CD44  exons  were  sequenced  to  verify  identity. 


In  vitro  assays 

In  vitro  synthesis  of  RNA,  splicing,  spliceosome  assembly  and  UV  cross- 
linking  assays  have  been  described  previously  (Ramchatesingh  et  al., 
1995).  To  immunoprecipitate  YB-1,  a  Pansorbin  suspension  (20  pi) 
(Calbiochem)  was  washed  once  with  IX  gamma  bind  buffer  (BB;  lOmM 
.sodium  phosphate,  150  mM  NaCl,  10  mM  EDTA).  Five  microliters  of 
rabbit  antiserum  were  bound  to  Pansorbin  in  300  pi  of  BB  by  rocking 
overnight  at  A^C.  The  antibody  beads  were  washed  three  times  with  RIPA 
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buffer  (50  niM  Tris  pH  8.0,  150  mM  NaCl,  1%  v/v  NP-40,  0.5% 
deoxycholate,  0.1%  SDS)  and  then  once  with  buffer  DG  (20  mM 
HEPES-KOH  pH  7.9  at  4°C,  80  mM  monopotassium  glutamate,  0.2  M 
EDTA)  plus  0.05%  Triton  X-100.  The  cro.ss-linking  reactions  were  used 
to  resuspend  the  Pansorbin  pellet  following  RNase  digestion.  Five 
microliters  of  3  mg/ml  heparin  and  0.15%  Triton  X-100  were  added,  and 
the  mixture  was  agitated  for  30  min  at  4°C  with  vigorous  shaking. 
Proteins  were  prepared  from  the  supernatant  by  acetone  precipitation.  The 
Pansorbin  pellet  was  washed  three  times  with  DG  plus  0.05%  Triton 
X-100,  then  resuspended  in  40  pi  of  protein  loading  buffer.  Semi-purified 
SR  proteins  were  recovered  in  the  65-90%  ammonium  sulfate  cuts  of 
cleared  HeLa  nuclear  extract  (Zahler,  1999)  and  dialyzed  against 
Roeder  D  buffer  without  glycerol  (Dignam  et  al.,  1983). 

Purification  of  YB-1 

YB-1  was  fractionated  from  HeLa  nuclear  extract  using  a  protocol 
originally  de.scribed  to  purify  U2AF  (Wang  et  al.,  1995).  HeLa  nuclear 
extract  was  dialyzed  into  HeLa  equilibration  buffer  [20  mM  HEPES 
pH  7.6,  3  mM  MgCL,  0.2  mM  EDTA,  1  mM  dithiothreitol  (DTT),  1 .0  M 
KCl,  10%  glycerol].  Cleared  and  dialyzed  extract  was  pas.sed  over  a 
poly(U)-Sepharose  column  equilibrated  with  buffer  Al  (20  mM  HEPES 
pH  7.9,  3  mM  MgCL,  0.1  mM  EDTA,  1  mM  DTT,  1,0  M  KCl,  5% 
glycerol)  at  a  ratio  of  -1  ml  of  extract  per  2  ml  of  bed  volume.  After 
extensive  washing  with  buffer  A 1 ,  YB- 1  was  eluted  with  four  successive 
column  volumes  of  buffer  A 1  with  KCl  to  2.0  M  and  buffer  A I  with  NaCl 
lowered  to  0,1  M  and  supplemented  with  2.0  M  guanidine-HCl.  The 
fourth  2.0  M  KCl  fraction  and  the  first  two  guanidine-HCl  fractions  were 
pooled  from  multiple  columns  and  used  to  gel  purify  the  50  kDa  band  for 
tryptic  peptide  mapping.  Resulting  peptides  were  sequenced  by  the 
Protein  Chemistry  Core  Facility  at  Baylor  College  of  Medicine.  The 
four  peptides  sequenced  each  had  100%  identity  with  human  YB-1 
(EDVFVHQTAIK,  GAEAANVTGPGGVPVQG,  PGTTGSGAGSGGP- 
GG  and  ENQGDETQCQQPPQR). 

N-terminal  His-tagged  recombinant  YB-1  was  induced  in  Escherichia 
coli  BL21  using  1  inM  isopropyl-P-D-thiogalactopyranoside  (IPTG)  for 
3-4  h.  Protein  was  purified  using  Ni-NTA  according  to  the  manufactur¬ 
er’s  instructions  (Qiagcn).  Recombinant  protein  was  gel-purified  from 
SDS-PAGE.  Protein  isolated  from  gel  bands  was  concentrated  by 
precipitation  with  four  volumes  of  acetone  at  -20°C  for  30  min,  and 
centrifugation  at  13  000  g  for  20  min.  The  pellet  was  resuspended  in  60  pi 
of  6  M  guanidine-HCl  in  Roeder  D  buffer  and  incubated  at  room 
temperature  to  completely  denature  the  protein.  Renaturation  was 
accomplished  by  dilution  into  3.0  ml  of  Roeder  D  buffer  and  incubation 
at  room  temperature  for  1  h.  The  resulting  solution  was  desalted  and 
concentrated  in  an  ultra  free  centrifugal  filter  device  (Millipore). 
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Note  added  in  proof 

While  this  paper  was  in  review,  YB-1  was  shown  to  be  associated  with 
RNA  polymerase  II  via  binding  to  TLS  or  EWS,  and  to  affect  alternative 
splicing  of  an  adenovirus  El  A  reporter  construct.  [Chansky.H.A.,  Hu,M., 
Hickstein.D.D.  and  Yang.Y.  (2001)  Oncogenic  TLS/ERG  and  EWS/Fli-1 
fusion  proteins  inhibit  RNA  splicing  mediated  by  YB-1  protein.  Cancer 
Res.,  61,  3586-3590.] 
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Using  a  mouse  model  of  mammary  gland  development 
and  tumorigenesis  we  examined  changes  in  both 
alternative  splicing  and  splicing  factors  in  multiple  stages 
of  mammary  cancer.  The  emphasis  was  on  the  SR  family 
of  splicing  factors  known  to  influence  alternative  splicing 
in  a  wide  variety  of  genes,  and  on  alternative  splicing  of 
the  pre-mRNA  encoding  CD44,  for  which  alternative 
splicing  has  been  implicated  as  important  in  a  number  of 
human  cancers,  including  breast  cancer.  We  observed 
step-wise  increases  in  expression  of  individual  SR 
proteins  and  alternative  splicing  of  CD44  mRNA  during 
mammary  gland  tumorigenesis.  Individual  preneoplasias 
differed  as  to  their  expression  patterns  for  SR  proteins, 
often  expressing  only  a  sub-set  of  the  family.  In  contrast, 
tumors  demonstrated  a  complex  pattern  of  SR  expres¬ 
sion.  Little  difference  was  observed  between  neoplasias 
and  their  metastases.  Alternative  splicing  of  CD44  also 
changed  through  the  disease  paradigm  such  that  tumors 
produced  RNA  containing  a  mixture  of  variable  exons, 
whereas  preneoplasias  exhibited  a  more  restricted  exon 
inclusion  pattern.  In  contrast,  other  standard  splicing 
factors  changed  little  in  either  concentration  or  splicing 
pattern  in  the  same  cells.  These  data  suggest  alterations 
in  relative  concentrations  of  specific  splicing  factors 
during  early  preneoplasia  that  become  more  pronounced 
during  tumor  formation.  Given  the  ability  of  SR  proteins 
to  affect  alternative  processing  decisions,  our  results 
suggest  that  a  number  of  pre-mRNAs  may  undergo 
changes  in  alternative  splicing  during  the  early  and 
intermediate  stages  of  mammary  cancer. 

Keywords:  SR  splicing  factors;  alternative  splicing: 
CD44;  mammary  tumorigenesis;  mouse  model 


Introduction 

Alternate  pre-mRNA  processing  contributes  signifi¬ 
cantly  to  the  developmental  regulation  of  gene 
expression  in  humans.  It  is  estimated  that  as  many  as 
25%  of  human  genes  utilize  alternative  RNA 
processing  to  produce  subtly  or  grossly  altered  gene 
products  (Moore  cl  af,  1993;  Rio,  1993;  Norton,  1994; 
Berget,  1995;  Kramer,  1996).  During  the  last  year, 
reports  have  emerged  indicating  that  canccrogencsis 
induces  changes  in  alternative  processing  (Lee  and 
Fcinbcrg,  1997;  Silberstein  d  af,  1997;  Zhu  d  a!., 
1997).  Some  of  the  genes  targeted  for  these  changes  are 
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receptor  proteins  suggesting  that  the  induced  altera¬ 
tions  in  splicing  could  have  pronounced  consequences 
for  cellular  behavior.  Little,  however  is  known  about 
how  RNA  processing  factors  are  altered  during 
tumorigenesis  so  as  to  affect  processing  outcomes. 

The  arginine-serine-rich  (SR)  proteins  (Figure  la) 
constitute  a  family  of  essential  splicing  factors  (Krainer 
d  af,  1990a;  Ge  d  al.,  1991;  Zahler  d  af,  1992)  that 
recognize  both  splice  sites  and  exonic  splicing 
enhancers,  and  influence  alternative  processing  deci¬ 
sions  when  their  relative  concentrations  are  altered  in 
vivo  or  in  vitro  (Ge  and  Manley,  1990;  Krainer  d  of, 
1990b;  Zahler  d  al.,  1993a:  Caceres  d  af,  1994;  Wang 
and  Manley,  1995).  SR  proteins  have  been  observed  to 
influence  splicing  activity  via  their  binding  to  both 
splice  sites  and  special  splicing  accessory  sequences 
known  as  enhancers  (Zahler  d  af,  1993b;  Fu,  1995; 
Manley  and  Tackc,  1996;  Valcarcel  and  Green,  1996). 
Recent  studies  have  indicated  substrate-specific  binding 
and  activity  for  individual  SR  proteins  (Fu,  1993;  Sun 
d  af,  1993;  Zahler  d  af,  1993a;  Caceres  d  af,  1994; 
Wang  and  Manley,  1995;  Chandler  d  af,  1997;  Liu  d 
af,  1998).  Furthermore,  individual  SR  proteins  have 
distinct  tissue  distributions  (Zahler  d  af,  1992; 
Screaton  ci  af,  1995;  Caceres  and  Krainer,  1997). 
These  observations  have  led  to  suggestions  that 
alterations  in  the  levels  of  SR  proteins  could  be 
determinative  for  alternative  splicing  during  develop¬ 
ment.  This  class  of  proteins,  therefore,  become 
attractive  candidates  for  factors  whose  activity 
changes  during  tumorigenesis. 

An  ideal  system  in  which  to  study  the  relationship 
between  processing  and  the  progression  of  cancer 
would  be  one  in  which  both  normal  and  abnormal 
development  could  be  compared  and  studied  in  an 
isogenic  and  manipulatable  background.  Such  a 
system  is  available  in  an  established  in  vivo  mouse 
model  of  mammary  tumorigenesis  (Kittrcll  d  af, 
1992;  Medina,  1996)  that  provides  access  to  normal 
mammary  tissues  from  mature  virgin,  pregnant  and 
lactating  females,  as  well  as  an  extensively  character¬ 
ized  set  of  preneoplasias  and  their  corresponding 
adenocarcinomas  and  metastases.  In  this  model 
system,  preneoplastic  outgrowth  lines  are  serially 
transplanted  and  maintained  for  extended  periods  of 
time  (up  to  12  months)  in  the  mammary  fat  pads  of 
syngenic  female  BALB/c  mice.  Each  outgrowth  line  is 
characterized  by  a  specific  rate  for  development  of 
adenocarcinomas  and  subsequent  metastases  (Kittrell 
d  af,  1992;  Medina,  1996).  The  outgrowths  are  clonal 
cell  populations  as  determined  by  oncogene  analysis 
(Cardiff.  1988;  Jerry  d  af,  1993). 

Using  this  system,  we  characterized  SR  protein 
expression  during  tumorigenesis.  At  the  same  time  we 
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Figure  1  SR  proteins  and  CD44  architecture,  (a)  Schematic  of  a  generic  SR  protein  with  two  N-terminal  RRM  (RNA  recognition 
motif)  motifs  that  bind  RNA  (hatched  boxes)  and  extensive  C-terminal  RS  (argininc-scrine)  domains  (vertical  lines).  Thickness  of 
vertical  lines  represents  numbers  of  consecutive  RS  dipeptides,  (b)  CD44  exon  structure.  Constitutive  exons  1  -5  and  16-20  flank  a 
central  region  encoding  at  least  ten  alternatively  included  (variable)  exons  (vl-vlO).  The  size  of  each  variable  exon  is  indicated 
(drawing  not  to  scale).  Arrows  indicate  primers  used  for  RT-PCR  analysis 


examined  the  alternative  splicing  of  a  pre-mRNA,  that 
coding  for  CD44,  whose  splicing  had  been  reported  to 
be  determinative  for  metastasis  (Gunthert  ef  al.,  1991). 
CD44,  is  a  widely  expressed  cell  adhesion  molecule  and 
trans-membrane  glycoprotein  that  mediates  a  variety  of 
cell-cell  and  cell  matrix  interactions  (Fox  et  al.,  1994; 
Mackay  et  al.,  1994;  Stamenkovic  et  al.,  1989).  A 
number  of  CD44  isoforms  are  created  via  alternative 
pre-mRNA  splicing.  Within  the  CD44  gene  is  an 
internal  cassette  of  ten  alternatively  spliced  exons,  all  in 
the  same  translational  reading  frame,  and  coding  for 
specific  extracellular  domains  of  the  CD44  protein 
(Scrcaton  et  al.,  1992;  Figure  lb).  Combinations  of 
these  variable  exons  lead  to  a  variety  of  CD44  isoforms 
(Scrcaton  et  a!.,  1992;  Flaynes  et  al.,  1990;  Gunthert, 
1993).  Certain  isoforms,  especially  those  including 
variable  exons  v5,  6,  and  7,  have  been  implicated  in 
the  metastasis  of  several  malignancies  (East  and  Hart, 
1993;  Cannistra  et  al.,  1995;  Stickeler  et  al.,  1997; 
Wielenga  et  al.,  1993)  and  correlated  with  survival  in 
human  breast  cancer  (Joensuu  et  al.,  1993;  Kaufmann 
et  a!.,  1995).  Recently  it  has  been  shown  that 
alternative  splicing  of  CD44  responds  to  signal 
transduction.  Treatment  of  T-lymphoma  cells  that 
normally  express  a  form  of  CD44  lacking  variable 
exons,  with  phorbol  esters,  concanavalin  A,  or  c-ras 
induces  inclusion  of  variable  exons  (Konig  et  a!.,  1998). 
Thus,  alternative  splicing  of  CD44  may  be  involved  in 
malignant  transformation  of  tissues  during  tumorigen¬ 
esis,  and  CD44  joins  the  collection  of  genes  whose 
splicing  is  altered  during  cancer  (Lee  and  Feinberg, 
1997;  Zhu  et  ah,  1997;  Silberstein  et  al.,  1997). 

Recently  it  has  been  shown  that  CD44  alternative 
splicing  may  involve  inclusion  of  blocks  of  alternative 
exons  rather  than  single  isolated  exons  (Bell  et  al., 
1998).  As  the  metastatic  potential  of  CD44  has  been 
correlated  with  only  a  single  variable  exon,  it  becomes 
of  interest  to  see  if  the  pattern  of  CD44  variable 
expression  during  tumorigenesis  may  have  been  under¬ 
estimated  by  the  heavy  attention  directed  to  this  one 
exon. 


Here  we  report  that  step-wise  alterations  in  SR 
splicing  factor  levels  and  CD44  alternative  splicing 
accompanied  the  transition  from  normal  cells  through 
preneoplasia  and  mammary  adenocarcinoma,  but  not 
metastases.  Individual  preneoplasias  exhibited  differ¬ 
ences  in  their  SR  expression  pattern  and  limited  CD44 
alternative  splicing.  Alternative  splicing  of  a  control 
gene  was  not  affected  during  preneoplasia  or 
neoplasia,  suggesting  gene-specific  alterations  in 
RNA  processing  factors  during  early  tumorigenesis, 
rather  than  a  general  increase  in  the  generic  processing 
machinery.  Tumors  showed  high  levels  of  SR  proteins, 
including  proteins  never  expressed  in  virgin  mammary 
epithelia  and  high  levels  of  inclusion  of  a  variety  of 
CD44  alternative  exons.  Our  results  suggest  that 
alterations  in  alternative  processing  may  be  important 
features  of  early  and  intermediate  stages  of  mammary 
cancer. 


Results 

For  this  study,  a  number  of  mammary  preneoplasias 
and  tumors  were  utilized,  including  tumors  and 
metastases  derived  from  two  of  the  preneoplasias. 
The  tumorigenic  and  metastatic  properties  of  two  of 
the  preneoplastic  outgrowth  lines,  TM-2L  and  TM-40, 
are  summarized  in  Table  1.  Both  TM-2L  and  TM-40 
produce  type  B  mammary  adenocarcinomas  by  12 
months,  at  an  incidence  of  21  or  51%,  respectively. 
The  main  difference  between  the  two  lines  is  the 
significant  metastatic  growth,  primarily  in  lungs  and 
occasionally  in  liver,  of  TM-40  (Table  2). 

Stepwise  alterations  in  expression  of  SR  proteins  during 
development  of  mammary  cancer 

SR  proteins  are  essential  splicing  factors  that 
participate  in  early  events  of  substrate  recognition  by 
the  processing  machinery  (Fu,  1995;  Zahler  et  al., 
1993a,b;  Manley  and  Tacke,  1996;  Valcarcel  and 
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Tabic  I  Tiimorigcnic  cliaractcrislics  ofTlVl  prencoplastic  outgrowth 

lines 


Oulgrow'lh 

Transplant" 

TiiinorsI 

transplants 

TEso 

% 

lilH' 

f’encration 

(%) 

(months)^ 

Melaslases^ 

TM2L 

21  -28 

21/98  (21) 

9.5 

0 

TM4() 

4-13 

80/157  (51) 

11.0 

73 

''Number  of  times  outgrowth  lines  were  removed  from  fat  pads  and 
rctransplanted  into  cleared  fat  pads.  '’TE50  refers  to  time  for  50%  of 
Ihe  transplants  to  form  tumors.  ''Metastases  were  detected  primarily 
in  lung  and  sceondarily  iu  liver  in  mice  6-8  weeks  after  surgical 
removal  of  the  primary  tumors  (11/15  animals).  Metastases  are  rarely 
delected  in  animals  bearing  primary  tumors 


Tabic  2  Prencoplastic  origin  of  adenocarcinomas  and  organ 
metastases 


Tumorliiu’ld.slasc.s 

Outf’rowtb  line 

T-5839 

TM-2L 

T-6788 

TM-40 

T-7780 

TM-40 

Liver  metast;iscs  (T-7780) 

TM-40 

Lung  metastases  (T-7262) 

TM-40 

Green,  1996).  In  addition  they  bind  to  accessory 
splicing  enhancer  sequences  to  facilitate  splicing  of 
alternative  exons  (Ge  and  Manley,  1990;  Caceres  et  al., 
1994;  Wang  and  Manley,  1995).  SR  proteins  are 
characterized  by  an  extensive  region  containing 
arginine  and  serine  (Figure  la)  which  is  extensively 
phosphorylated.  Within  this  phosphorylated  domain  is 
the  epitope  for  a  monoclonal  antibody,  mAbl04 
(Zahlcr  el  a!.,  1993b;  Valcarcel  and  Green,  1996).  To 
examine  alterations  in  splicing  factors  during  develop¬ 
ment  of  mammary  cancer,  we  examined  the  expression 
of  SR  proteins  in  normal  and  neoplastic  mammary 
tissues  by  Western  blots  using  mAbl04.  In  HeLa  cells, 
mAbl04  recognizes  approximately  equal  amounts  of 
the  major  SR  proteins  (SRp20,  ASF/SF2,  SC35,  9G8, 
SRp30c,  SRp40,  SRp55,  and  SRp75  of  molecular 
weights  20  -75  kDa,  Zahler  et  al.,  1993b).  Mammary 
epithelial  cells  from  mature  virgin  glands  expressed  a 
sub-set  of  the  major  SR  proteins,  yielding  dominant 
expression  of  SRp75  and  SRp55  (Figure  2a,  lane  1). 
Three  of  the  preneoplasias,  TM-2L,  TM-4  and  TM-10, 
yielded  an  SR  expression  pattern  similar  to  that  of 
mature,  virgin  mammary  gland  (Figure  2a,  lanes  2,  4 
and  5).  The  other  tested  preneoplasias,  TM-3  and  TM- 
40,  in  addition,  demonstrated  detectable  levels  of 
SRp40  and  SR  proteins  of  the  30  kDa  class, 
suggesting  induction  of  synthesis  of  these  SR  proteins 
during  the  preneoplastic  process  (Figure  2a,  lanes  3 
and  6).  Tested  adenocarcinomas  and  their  metastases 
resembled  the  expression  pattern  of  HeLa  cells, 
characterized  by  expression  of  a  broad  spectrum  of 
SR  proteins  detected  by  mAbl04  (Figure  2a,  lanes  7-9 
and  data  not  shown).  We  have  tested  a  number  of 
independently  derived  neoplasia  for  their  SR  expres¬ 
sion  profile  (data  not  shown).  All  demonstrated  SR 
expression  patterns  identical  to  those  shown  in  Figure 
2a,  lanes  7-9,  indicating  that  SR  protein  expression  is 
induced  during  tumorigenesis  regardless  of  the  expres¬ 
sion  pattern  during  pre-neoplasia.  Thus,  the  pattern  of 
SR  expression  became  more  complex  as  neoplasia 
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Figure  2  The  expression  of  SR  proteins  is  altered  in  mammary 
adenocarcinomas  and  in  .some  prencoplasias.  (a)  Western  blot 
analysis  of  SR  protein  expression  in  difibrent  breast  tissues  using 
an  antibody  specific  for  a  phosphorylated  SR  epitope  (mAbl04). 
Lane  I.  mature,  virgin  gland;  lanes  2-6,  proneoplasias  TM-2L, 
TM-3,  TM-4,  TM-10  and  TM-40,  respectively;  lanes  7-9 
mammary  adenocarcinomas  T-5839,  T-7780  and  T-6129,  respec¬ 
tively.  Twice  as  much  protein  (100  /tg)  was  analysed  for  normal 
and  prencoplastic  tissue  (lanes  1  -6)  than  for  tumors  (50  ;ig,  lanes 
7-9).  (b)  \Vestern  blot  analysis  of  the  same  tissue  analysed  in  (a) 
for  the  presence  of  the  constitutive  splicing  factor  U2AF  using  a 
polyclonal  rabbit  antibody  raised  against  a  recombinant  fragment 
of  the  human  65  kDa  subunit  missing  the  SR  domain  (Zamore  et 
al.,  1992).  Lanes  as  in  (a),  (c)  Western  blot  analysis  of  selected 
tissues  from  (a)  using  an  antibody  speeific  for  SRp20.  The  utilized 
antibody  (Neugebauer  and  Roth,  1997)  is  an  anti-peptide 
antibody  specific  for  the  region  of  SRp20  between  the  RNA 
binding  domain  and  the  SR  domain.  Lane  1,  mature  virgin  gland; 
lane  2.  preneoplasia  TM2L;  lane  3,  preneoplasia  TM40;  lane  4, 
mammary  adenoearcinoma  T-5839;  lane  5,  liver  metastasis,  (d) 
Alterations  in  levels  of  mRNAs  coding  for  splicing  factor  SRp2() 
during  tumorigenesis.  Levels  of  SRp20  revealed  by  RT/PCR  using 
primers  specific  for  SRp20  (see  Materials  and  methods).  Equal 
amounts  (5  /ig)  of  total  cell  RNA  were  used  for  each  lane.  Lancs 
as  in  (c).  See  Figure  3b  for  RT/PCR  analysis  of  a  control  RNA  in 
these  RNA  samples 


progressed  until  a  complex  array  of  SR  proteins  were 
expressed  in  tumor  cells. 

The  expression  of  several  control  RNA  binding 
factors  was  monitored  over  the  same  disease  paradigm. 
Individual  preneoplasias  showed  identical  levels  of  the 
65  kDa  subunit  of  U2AF  (Figure  2b),  hnRNP  Al 
(Figure  3b)  and  hnRNP  A2  (Figure  4),  as  well  as  small 
nuclear  ribonucleoproteins  (snRNPs)  (data  not  shown), 
indicating  that  there  was  not  a  general  increase  in  the 
expression  of  factors  involved  in  pre-mRNA  splicing 
during  preneoplasia.  Tumors  did  show  a  slight  increase 
(estimated  to  be  twofold)  for  many  factors  as 
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Figure  3  (a)  Allcrnalive  splicing  of  CD44  changes  during 
mammary  development  and  neoplasia.  RT-PCR  analysis  of 
CD44  inRNA  isoforms  in  breast  tissue  using  primers  specific  for 
constitutive  exons  5  and  constitutive  exon  16.  Amplification  was 
for  25  cycles.  Boxes  symbolize  included  exons  in  the  amplification 
bands.  Exon  structures  of  amplifications  products  are  indicated. 
Hatching  indicates  mixtures  of  included  variable  exons.  Lane  I, 
lactaling  gland;  lane  2,  pregnant  gland;  lane  3,  mature  virgin 
gland;  lane  4,  prcneoplasia  TM-2L;  lane  5.  prencoplasia  TlVl-40; 
lanes  6-  10,  adenocarcinomas  T-4031,  T-4032.  T-5839.  T-6129.  T- 
7780,  respectively.  All  lanes  used  equal  amounts  (5  fig)  of  total 
cell  RNA  for  amplification,  (b)  RT/PCR  analysis  of  a  control 
RNA  coding  for  hiiRNP  Al  mRNA.  Samples  arc  identical  to 
those  in  (a).  The  form  of  linRNP  AP  shown  is  that  coding  for  the 
version  of  the  mRNA  lacking  exon  7b 
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Figure  4  Alternative  splicing  of  mRNA  coding  for  hnRNP  A2 
docs  not  change  through  mammary  development  or  neoplasia. 
Low  cycle  RT-PCR  of  hnRNP  A2  mRNA  in  mammary  tissues 
using  primers  specific  for  two  constitutive  exons  (white  bo.xes) 
flanking  a  36  nucleotide  alternatively  included  exon  (hatched 
box).  Exon  skipping  produces  a  135  nt  band  (bottom),  inclusion 
in  a  171  nt  amplification  product  (top).  Lane  1.  lactating  gland; 
lane  2,  pregnant  gland;  lane  3,  mature  virgin  gland;  lane  4, 
prcneoplasia  TM-2L;  lane  5,  prcneoplasia  TM-40;  lanes  6-10, 
adenocarcinomas  T-4031,  T-4032,  T-5839,  T-6129  and  T-7780, 
respectively.  Equal  amounts  of  total  cell  RNA  (5  fig)  were 
analysed 


compared  to  the  preneoplasias,  including  the  SR 
proteins  SRp75  and  SRp55  (Figure  2a).  More 
interesting,  however,  was  the  pronounced  induction 
of  expression  of  the  lower  molecular  weight  SR 
proteins  in  the  20-40  kDa  size  range  during  neoplasia. 

One  of  the  SR  proteins  induced  upon  tumorigenesis 
was  SRp20.  This  protein  is  only  weakly  detected  by 
mAbl04.  By  Western  blotting,  this  protein  was 
essentially  undetectable  in  preneoplasias.  Neoplasias 
weakly  showed  production  of  SRp20.  To  better 
examine  induction  of  this  factor  we  used  an  antibody 
specific  for  SRp20.  This  antibody  was  raised  against  an 
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SRp20  peptide  from  the  region  of  the  protein  located 
between  the  RNA-binding  domain  and  the  phosphory- 
lated  SR  region  (Neugebauer  and  Roth,  1997).  As 
shown  in  Figure  2c,  SRp20  levels  detected  by  this 
antibody  resembled  those  detected  by  the  mAbl04 
antibody.  No  expression  of  SRp20  protein  was 
detected  in  virgin  or  preneoplastic  gland.  In  contrast, 

SRp20  was  expressed  in  tumor  tissue.  To  rule  out  the 
possibility  of  a  false  positive  resulting  from  the 
presence  of  endothelial  cells  or  infiltrating  inflamma¬ 
tory  cells  in  the  excised  adenocarcinomas,  we  analysed 
SR  protein  levels  in  cultured  mammary  epithelial  cells 
established  from  the  tumors  in  this  study.  In  parallel 
with  the  tumours,  each  cell  line  demonstrated  high 
levels  of  the  entire  family  of  SR  proteins  recognized  by 
mAbl04  (data  not  shown). 

To  provide  more  sensitive  detection  of  SRp20,  we 
monitored  SRp20  mRNA  levels  using  RT-PCR 
(Figure  2d).  To  control  for  non-linear  estimations  of 
mRNA  levels  using  RT-PCR,  SRp20  mRNA  levels 
were  also  determined  by  RNase  protection  (data  not 
shown).  As  observed  by  analysis  with  the  Western 
blotting,  tumorigenesis  was  accompanied  by  a  major 
increase  in  the  levels  of  SRp20  mRNAs,  indicating  that 
the  increased  levels  of  SRp20  in  tumors  seen  with 
Western  blotting  reflected  increased  mRNA  synthesis 
rather  than  increased  phosphorylation  of  an  existing 
protein  population  (Figure  2d). 

RT-PCR  revealed  the  presence  of  a  low  level  of 
the  tested  SRp20  mRNAs  in  the  TM-40  preneoplasia 
that  had  not  been  detected  by  Western  blotting, 
suggesting  that  low  level  synthesis  of  SRp20  occurs 
in  the  TM-40  preneoplasia.  Even  using  the  power  of 
PCR  amplification,  however,  no  SRp20  was  detected 
in  preneoplasia  TM-2L  or  in  mature  virgin  tissue. 

These  results  indicate  that  SRp20  is  induced  during 
development  of  mammary  carcinogenesis.  Further¬ 
more,  it  indicates  a  progressive  increase  in  expression 
as  normal  cells  alter  to  preneoplasias  and  then  to 
tumors. 

The  splicing  of  CD44  changes  during  progression  of 
mammary  cancer 

Alteration  in  the  relative  levels  of  members  of  the  SR 
proteins  recognized  by  mAbl04  is  known  to  affect 
splicing  phenotypes.  Thus,  the  changes  in  overall 
amount  and,  more  importantly,  in  relative  amounts 
of  the  SR  proteins  displayed  in  Figure  2  should  be 
accompanied  by  changes  in  alternative  processing  of 
target  genes.  To  examine  this  possibility  we  looked  at 
the  splicing  of  CD44,  a  gene  with  multiple  alternative 
exons.  Some  of  these  exons  have  sequences  similar  to 
the  purine-rich  splicing  enhancers  known  to  be  the 
binding  sites  for  the  mAB  104-reactive  SR  proteins 
(Black,  1995;  Manley  and  Tacke,  1996;  Reed,  1996; 

Rio,  1993;  Bell  et  al.,  1998;  Liu  et  al.,  1998).  Splicing  of 
CD44  was  monitored  by  RT-PCR  analysis  of  RNA 
from  the  same  tissues  used  to  examine  SR  proteins. 

CD44  mRNA  is  expressed  as  two  basic  forms,  with  or 
without  one  or  more  of  the  alternative  internal  exons. 
Expression  of  CD44  standard  lacking  all  variable  exons 
(CD44  std)  was  examined  using  primers  complemen¬ 
tary  to  constitutive  exons  5  and  16,  which  border  the 
central  region  of  the  CD44  gene  encoding  the  ten 
alternative  exons  (Figure  lb).  RT-PCR  of  CD44 
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standard  niRNA  should  produce  an  amplification  band 
of  221  nucleotides;  inclusion  of  one  or  more  variable 
exons  should  produce  larger  bands.  Because  all  of  the 
variable  exons  are  approximately  the  same  size  (Figure 
lb)  inclusion  of  multiple  variable  exons  produces  an 
amplification  pattern  with  a  ladder  of  bands  differing 
in  length  by  the  average  variable  exon  length 
(approximately  1 1 5  nucleotides).  This  approach  per¬ 
mits  evaluation  of  the  overall  amount  of  CD44  mRNA 
present  in  examined  tissues  as  well  as  an  estimation  of 
the  extent  of  alternative  splicing.  Amplification 
revealed  that  mRNA  encoding  for  CD44  std,  lacking 
the  variable  exons,  was  expressed  in  all  tissues 
examined  (Figure  3).  Tumor  RNA  from  adenocarci¬ 
nomas  or  their  metastases  demonstrated  noticeable 
alternative  processing  to  reveal  a  family  of  amplifica¬ 
tion  bands  resulting  from  the  inclusion  of  multiple 
variable  exons. 

To  distinguish  CD44-specific  effects  on  alternative 
splicing  associated  with  neoplastic  transformation  from 
generic  effects  on  splicing  activity  associated  with  an 
accelerated  growth  rate,  we  examined  the  amounts  and 
spliced  isoforms  of  an  RNA  that  undergoes  stochastic 
alternative  splicing  in  many  tissues.  The  hnRNP  A2 
gene  is  processed  to  produce  two  mRNA  isoforms 
which  alternatively  include  a  36  nucleotide  variable 
exon.  We  observed  relatively  equal  levels  of  total 
hnRNPA2  mRNA  in  all  tissues  examined  and 
approximately  equal  relative  levels  of  inclusion  of  the 
variable  exon  (Figure  4).  This  result  suggests  that  the 
changes  in  CD44  splicing  occurring  in  mammary 
neoplasia  is  due  to  a  change  in  the  sub-set  of  splicing 
factors  required  to  recognize  the  CD44  alternative 
exons  and  not  a  change  in  the  generic  splicing 
machinery. 

CD44  metastatic  exons  are  expressed  at  different  levels 
during  normal  mammary  gland  development  and 
tumorigenesis 

Low-cycle  RT-PCR  with  primers  specific  for  consti¬ 
tutive  exons  5  and  16  produces  complicated  amplifica¬ 
tion  patterns  because  of  the  potential  complexity  of  the 
family  of  CD44  mRNA  sequences.  To  better  examine 
variable  exons  splicing,  RNAs  from  tissue  samples 
were  analysed  by  RT-PCR  using  exon-specific  primers 
for  variable  exons  5,  6,  7  or  8  and  a  consistent  primer 
for  constitutive  exon  5  (Figure  5a -d),  followed  by 
cloning  and  subsequent  sequencing  of  the  PCR 
products.  This  approach  allowed  examination  of  the 
inclusion  of  all  alternative  exons  in  the  interval  vl  -v8. 
Both  low  and  high  cycle  amplifications  were  per¬ 
formed.  We  concentrated  on  analysis  of  species 
containing  variable  exons  v5,  6  or  7,  because  these 
exons  have  been  associated  with  metastasis  in  other 
studies  (Stickeler  et  al.,  1997;  Heider  et  aL,  1995;  Sinn 
et  al.,  1995).  Variable  exon  v8  was  also  of  interest 
because  it  is  one  of  three  so-called  ‘epithelial  ‘  exons, 
included  in  CD44  mRNA  in  a  variety  of  epithelial 
cells. 

Low  cycle  RT-PCR  analysis  of  RNA  from  multiple 
tumors  or  their  metastases  using  a  primer  specific  for 
variable  exon  5  (v5)  indicated  considerable  production 
of  RNAs  containing  v5  with  or  without  other  upstream 
variable  exons  (Figure  5a  and  data  not  shown).  The 
inclusion  patterns  for  all  of  the  examined  tumors  and 


metastases  were  very  similar,  and  indicated  that  most 
of  the  observed  RNA  included  multiple  variable  exons 
from  the  vl-v5  region.  In  contrast,  levels  of  inclusion 
of  v5  were  lower  in  normal  dividing  cells  from 
pregnant  or  lactating  mammary  gland  and  in  the  two 
tested  preneoplasias.  Using  25-35  cycles  of  RT-PCR 
(Figure  5a  and  b),  the  major  amplified  species  in  these 
tissues  included  either  v5  alone  or  v5  and  one  other 
upstream  variable  exon.  Cloning  and  sequencing  of  the 
larger  amplification  band  indicated  that  4/5  sequenced 
clones  contained  v4  in  addition  to  v5.  This  species  was 
more  obvious  in  pregnant  and  lactating  RNA  than  in 
RNA  from  the  preneoplasias  (Figure  5a).  We  were 
unable  to  detect  any  RNA  containing  v5  in  RNA 
isolated  from  mature  virgin  mammary  gland  (Figure 
5a,  lane  3;  and  5b,  lane  2).  Because  of  the  abundance 
of  fat  tissue  in  mature  virgin  gland,  we  isolated 
epithelial  cells  from  the  extracted  virgin  mammary 
tissue.  High  cycle  amplification  of  this  RNA  yielded  no 
demonstrable  inclusion  of  exon  v5  either  (data  not 
shown).  Therefore,  for  v5  splicing,  three  patterns  of 
inclusion  were  observed  by  RT-PCR  and  sequencing; 
high  level  of  inclusion  of  multiple  exons  along  with  v5 
in  tumor  cells,  low  level  of  inclusion  of  v5  or  v5  +  4  in 
preneoplasias,  and  no  inclusion  of  v5  in  normal  virgin 
mammary  gland.  This  pattern  suggests  step-wise 
alterations  in  CD44  alternative  splicing  during 
neoplasia.  In  addition,  our  data  suggest  that  preneo¬ 
plasias  adopt  a  splicing  pattern  similar  to  that  induced 
in  mammary  epithelia  during  normal  mammary 
development  and  that  tumorigenesis  is  accompanied 
by  induction  of  a  pattern  of  frequent  alternative 
splicing  not  found  in  normal  development. 

Analysis  of  alternative  splicing  of  v6  or  7  gave 
results  similar  to  that  discussed  above  for  v5  (Figure  5c 
and  data  not  shown).  Inclusion  of  both  exons  occurred 
at  high  frequency  along  with  other  upstream  exons  in 
tumor  cell  RNA.  RNA  from  preneoplasias  and 
pregnant  gland  demonstrated  simpler  RNAs  contain¬ 
ing  fewer  variable  exons.  Sequencing  of  PCR  products 
indicated  that  for  v6,  these  RNAs  contained  only  v6. 
For  v7,  species  containing  v7  or  v7-t-4  were  observed. 
In  contrast  to  v5,  both  v6  and  7  were  included  in  RNA 
from  mature  virgin  gland  epithelial  cells  (Figure  5c, 
lane  5;  and  data  not  shown).  Like  v5,  these 
observations  suggest  that  splicing  in  preneoplasias  is 
similar  to  splicing  in  normal  proliferative  mammary 
gland  and  that  the  conversion  to  neoplasia  is 
accompanied  by  pronounced  increased  in  mRNA 
including  these  variable  exons.  Therefore,  for  this 
system  of  mammary  neoplasia,  inclusion  of  v6  is  not 
a  marker  for  either  tumorigenesis  or  metastasis. 
Instead,  a  better  marker  is  increased  inclusion  of  a 
number  of  CD44  variable  exons  including  v6. 

A  recent  report  (Bell  et  a!.,  1998)  indicated  that 
inclusion  of  blocks  of  variable  CD44  exons  was  a 
frequent  phenotype  in  mice.  Such  multiple  inclusion 
events  are  certainly  consistent  with  the  patterns  we 
observed  in  the  tumors.  Preneoplasias  and  mature 
virgin  mammary  epithelial  cells,  however,  demon¬ 
strated  inclusion  of  individual  exons  without  inclusion 
of  an  immediate  neighbor.  For  example,  v6  was 
included  without  v5  in  mature  gland  and  preneopla¬ 
sias  and  v7  was  included  with  v4  but  not  v6  and  5.  If 
inclusion  of  multiple  exons  reflects  a  mechanism 
change  with  respect  to  inclusion  of  single  exons,  then 
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Figure  5  CD44  metastatic  exons  are  expressed  in  normal  development  and  tumorigenesis.  RT-PCR  analysis  of  CD44  mRNA 
variable  isoforms  using  primers  specific  for  constitutive  exons  5  and  variable  exon  v5  (a  and  b),  variable  exon  v6  (c)  or  variable 
exon  v8  (d).  Amplification  was  for  25  (a.  c,  d)  or  35  (b)  cycles.  Boxes  symbolize  included  exons  in  the  amplification  bands.  Exon 
structures  of  amplifications  products  arc  indicated.  Hatching  indicates  mixtures  of  included  variable  exons.  Majority  products  are 
indicated  where  they  existed,  (a.  c)  Lane  1,  lactating  gland;  lane  2.  pregnant  gland;  lane  3,  mature  virgin  gland;  lane  4,  preneoplasia 
TM-2L;  lane  5.  prcncoplasia  TM-40;  lanes  6-10.  adenocarcinomas  T-4031,  T-4032,  T-5839,  T-6129  and  T-7780,  respectively,  (b) 
Lane  1,  pregnant  gland;  lane  2.  mature  virgin  gland;  lane  3,  prcncoplasia  TM-2L;  lane  4,  preneoplasia  TM-40.  (d)  Lane  1,  lactating 
gland;  lane  2.  mature  virgin  gland;  lane  3.  prcncoplasia  TM-2L;  lane  4,  prcncoplasia  TM-40;  lanes  5-6,  adenocarcinomas  T-4031 
and  T-4032.  All  lanes  used  equal  amounts  (5  /ig)  of  total  cell  RNA  for  amplification 


tumorigenesis  is  accompanied  by  this  mechanism 
change. 

Analysis  of  RNA  for  the  presence  of  v8  yielded  a 
surprising  result.  Like  the  other  variable  exons,  v8  was 
included  in  a  number  of  RNA  species  in  mammary 
tumor  cells  (Figure  5d,  lanes  5-6).  Unlike  v5-7, 
however,  no  v8  inclusion  could  be  observed  in 
preneoplasias  or  RNA  from  developing  mammary, 
despite  their  epithelial  origin  (Figure  5d,  lanes  3-4). 
The  observation  of  induction  of  v8  splicing  in  tumor 
RNA  indicates  that  tumorigenesis  is  accompanied  by 
alterations  in  RNA  processing  of  CD44  that  are  never 
seen  in  normal  development. 


Discussion 

During  the  last  several  years,  studies  have  suggested 
changes  in  pre-mRNA  splicing  in  human  malignancies 
(Lee  and  Feinberg,  1997;  Zhu  et  al.,  1997;  Silberstein  et 
al.,  1997).  Using  an  in  vivo  model  of  mammary 
development  and  tumorigenesis,  we  were  able  to  study 
these  questions  with  a  focus  on  comparing  splicing 
phenotypes  and  factors  during  normal  mammary 
development  to  those  occurring  in  development  of 
mammary  cancer.  Neoplasia  was  accompanied  by  a 
dramatic  increase  in  expression  of  some  of  the  SR 
family  of  splicing  factors  recognized  by  mAbl04, 
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resulting  in  alteration  of  the  relative  abundance  of 
individual  SR  proteins  and  an  increase  in  the 
complexity  of  expression  of  this  important  class  of 
splicing  factors.  Given  the  number  of  genes  whose 
splicing  has  been  observed  to  be  responsive  to  relative 
SR  protein  levels  (Ge  and  Manley,  1990;  Krainer  e/  al., 
1990b;  Caceres  el  a!.,  1994;  Wang  and  Manley,  1995), 
this  observation  suggests  that  pronounced  changes  in 
alternative  splicing  of  a  number  of  pre-mRNAs  should 
accompany  mammary  tumorigenesis. 

The  utilized  model  system  also  permitted  examina¬ 
tion  of  SR  protein  expression  in  preneoplasias  with 
differing  capacity  to  form  tumors  or  for  those  tumors 
to  metastasize.  The  preneoplasias  characterized  in  this 
study  differed  in  their  SR  protein  expression  pattern. 
Some  of  the  neoplasias  had  mAb  104-reactive  SR 
expression  patterns  similar  to  that  seen  with  virgin 
mammary  tissue.  The  tested  preneoplasias  therefore 
appeared  to  represent  different  stages  in  the  transition 
from  normal  to  tumor  tissue  with  respect  to  SR  protein 
expression.  The  utilized  preneoplasias  arose  indepen¬ 
dently  and  have  different  tumor  and  metastasis 
producing  capabilities.  SR  expression  levels  did  not 
correlate  to  tumor  or  metastatic  incidence  frequency. 
Thus,  although  SR  expression  changes  may  be  a 
marker  for  preneoplasia,  they  are  not  predictive  for 
tumor  incidence  or  invasiveness. 

Analysis  of  other  constitutive  splicing  factors 
indicated  that  the  changes  in  SR  expression  we 
observed  were  not  the  result  of  induction  of  all 
splicing  during  neoplasia.  Levels  of  the  constitutive 
factors  U2AF65,  two  hnRNP  proteins,  and  U  snRNPs 
were  only  modestly  altered  during  preneoplasia  and 
neoplasia.  Therefore,  the  alterations  we  observed 
occurred  in  a  family  of  factors  associated  with 
alternative  splicing  and  the  recognition  of  exon 
enhancer  sequences.  This  observation  suggests  that 
the  splicing  of  multiple  target  genes  regulated  by  SR 
proteins  would  be  expected  to  be  altered  in  neoplasia, 
without  a  general  effect  on  exon  inclusion  levels. 

We  also  used  this  model  to  investigate  potential 
changes  in  alternative  splicing  in  a  gene  whose 
splicing  changes  during  cancer  have  been  correlated 
to  metastatic  potential  in  human  cancers  and  which 
has  recently  been  shown  to  alter  its  splicing  pattern 
in  response  to  signal  transduction  (Konig  et  al., 
1998).  As  with  SR  proteins,  striking  increases  in 
alternative  splicing  of  CD44  were  observed  in 
adenocarcinomas  as  compared  to  either  preneoplasias 
or  proliferative  mammary  epithelia  from  pregnant 
animals.  All  of  the  tumors  examined  displayed  a 
similar  pattern  of  exon  inclusion,  in  which  multiple 
alternative  exons  were  included  in  mRNA.  Included 
in  this  set  of  exons  were  exons  not  normally  present 
in  epithelia  of  pregnant  mammary  gland  or  in 
preneoplasias.  The  splicing  pattern  of  the  adenocarci¬ 
nomas  was  similar  to  that  of  the  lung  and  liver 
metastases  of  these  tumors,  indicating  few  changes 
accompanying  metastasis.  In  contrast  to  CD44 
alternative  splicing,  the  splicing  of  a  control  RNA 
did  not  change  during  the  transition  from  preneopla¬ 
sia  to  neoplasia.  This  difference  suggests  that  the 
pronounced  changes  in  splicing  of  CD44  observed 
during  development  of  neoplasia  arise  from  the 
induction  of  specialized  splicing  factors,  not  an 
increase  in  the  generic  splicing  machinery. 


Although  pronounced  changes  in  CD44  splicing 
correlated  with  alterations  in  the  expression  level  of 
SR  proteins  during  the  tumorigenesis  paradigm  used  in 
this  study,  it  is  not  yet  clear  if  the  two  are  related. 
Transfection  of  cells  that  normally  skip  CD44  variable 
exons  4  and  5  with  cDNAs  for  SRp55  and  ASF/SF2 
had  little  effect  on  exon  inclusion  in  a  co-transfected 
mini-gene  containing  these  two  exons  (data  not 
shown).  In  contrast,  transfection  with  cDNAs  for 
both  SC35  and  tra2  did  alter  the  percentage  of  exon 
inclusion  (Stickeler  and  Berget,  manuscript  in  prepara¬ 
tion).  Therefore,  the  splicing  of  CD44  may  be  regulated 
by  a  sub-set  of  the  SR  family  of  splicing  factors. 

When  we  examined  CD44  variable  exon  splicing  in 
epithelia  from  pregnant  mammary  gland,  we  observed 
low  levels  of  inclusion  of  some  but  not  all  the  variable 
exons.  In  particular,  v6  and  7  were  present  in  a  sub¬ 
population  of  CD44  mRNA  from  both  pregnant  tissue 
and  preneoplasias,  indicating  that  these  so-called 
‘metastatic’  exons  are  included  in  non-cancerous 
mammary  epithelial  cells.  In  contrast,  one  variable 
exons,  v5,  was  not  expressed  in  virgin  mammary  gland, 
indicating  that  alterations  in  CD44  alternative  splicing 
can  occur  during  preneoplasia  and  resemble  those 
occurring  during  pregnancy.  Other  variable  exons  that 
are  not  included  in  pregnant  tissue  (such  as  the 
‘epithelial’  exon  v8)  are  also  not  expressed  during 
preneoplasia,  but  are  included  in  tumor  RNA.  There¬ 
fore,  our  analysis  suggests  that  preneoplasias  demon¬ 
strate  a  splicing  pattern  resembling  that  occurring 
during  normal  breast  development.  Known  to  partici¬ 
pate  in  cell-cell  interactions  and  cell-matrix  interac¬ 
tions,  CD44  isoforms  could  be  involved  in  the  ductal 
outgrowth  occurring  during  early  pregnancy. 

Inclusion  of  three  of  the  CD44  variable  exons  (v5,  6 
and  7)  have  been  postulated  to  be  markers  for 
metastasis  potential  in  several  human  cancers,  includ¬ 
ing  breast  cancer.  The  initial  interest  in  these  exons 
arose  from  an  elegant  experiment  demonstrating  that 
transfection  of  a  CD44  cDNA  including  exon  v6  into  a 
tumor  cell  of  no  metastatic  potential  increased  the  rate 
of  metastasis  when  these  cells  were  placed  back  into 
syngenic  animals.  Such  experiments  expressed  the 
variant  CD44  mRNA  at  high  levels.  Our  analysis 
would  suggest  that  the  major  change  in  CD44  splicing 
occurs  during  development  of  adenocarcinomas,  not 
their  metastases  and  that  it  may  be  the  over-expression 
of  variant  CD44  mRNAs  during  the  neoplastic  state 
which  is  important  for  the  metastatic  process,  rather 
than  the  production  of  any  mRNA  including  v6.  This 
difference  may  suggest  why  experiments  monitoring 
inclusion  of  CD44  variable  exons  have  failed  to 
demonstrate  a  consistent  correlation  to  disease  pro¬ 
gression  in  several  clinical  studies  (Friedrichs  et  al., 
1995;  Muller  et  al.,  1997;  Tran  et  al.,  1997). 

The  recent  report  of  a  coupling  between  signal 
transduction  and  alternative  splicing  of  CD44  concen¬ 
trated  on  variable  exon  v5.  Inclusion  of  this  exon 
showed  a  pronounced  response  to  induction  by  c-ras, 
TPA,  or  phorbol  esters  (Konig  et  al.,  1998).  Exon  v5 
contains  internal  sequences  that  resemble  known 
purine-rich  exon  enhancers  that  bind  SR  proteins. 
These  observations  suggest  that  signal  transduction 
cascades  can  lead  to  an  induction  of  SR  proteins 
needed  for  CD44  variable  splicing.  In  light  of  these 
findings,  our  observation  that  inclusion  of  v5  is 
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changed  upon  preneoplasia  supports  a  possible 
connection  between  SR  protein  levels  and  CD44 
alternative  splicing. 

Besides  CD44  a  number  of  other  genes  show  altered 
RNA  processing  during  tumorigenesis.  A  number  of 
cellular  receptors  and  hormone  genes  undergo  alter¬ 
native  processing  and  this  processing  appears  to  alter 
during  cancer.  Because  the  changes  in  these  proteins 
caused  by  alternative  processing  can  have  a  pro¬ 
nounced  effect  on  cellular  function,  it  is  important  to 
understand  the  role  of  alternative  processing  in  cancer 
and  the  mechanisms  involved.  Determination  of 
splicing  factor  constellations  patterns  in  preneoplastic 
lesions  of  the  mammary  gland  could  be  very  helpful  to 
identify  patients  in  high-risk  situations  to  develop 
invasive  breast  cancer  and  subsequent  organ  metas¬ 
tasis.  Distinct  expression  patterns  of  splicing  factors 
could  serve  as  new  markers  for  metastasis  in  breast 
cancer,  and  splicing  factors  may  represent  targets  for 
intervention  in  a  subgroup  of  patients  abnormally 
expressing  certain  factors. 


Materials  and  methods 

Tissues 

We  used  an  in  vivo  mouse  model  of  mammary  development 
and  tumorigenesis  to  study  normal  tissue,  pregnant  and 
laclating  glands,  prcncoplastic  lesions,  eight  primary  adeno¬ 
carcinomas  and  organ  metastases  to  the  liver  and  lung.  The 
TM  preneoplastic  outgrowth  lines  developed  after  transplan¬ 
tation  of  established  mouse  mammary  epithelial  cell  lines 
(MM EL)  into  cleared  mammary  fat  pads  of  3-week-old 
syngenic  BALB/cMed  mice  (Kittrell  et  a!.,  1992).  The 
serially-transplanted  outgrowths  were  removed  either  as 
preneoplasias  at  8-12  weeks  after  transplantation  or  as 
tumors  5-7  months  after  transplantation.  After  removal,  the 
preneoplastic  outgrowths,  primary  adenocarcinomas,  and 
metastases  were  frozen  at  —  80"C  for  further  analysis.  The 
biological  properties  of  the  outgrowth  lines  are  shown  in 
Table  1. 

Epithelial  cell  isolation  from  mature  virgin  mammary  tissue 

Isolated  mammary  fat  pads  were  minced  and  incubated  in 
DM  EM  medium  with  2  mg/ml  collagenase  A  (Boehringer 
Mannheim,  Germany)  and  100  U/ml  hyaluronidase  (Boeh- 
ringcr  Mannheim,  Germany)  at  37'’C  for  3  h  and  slowly 
swirled.  Afterwards  the  solution  was  centrifuged  for  5  min  at 
1000  r.p.m.  The  supernatant,  containing  fat  and  single  cells, 
was  discarded  and  the  pellet,  containing  mammary  epithelial 
cells,  was  wa.shed  in  PBS/5%  PCS  and  stored  at  “80'’C  for 
further  analysis. 

RNA  isolation,  RT-PCR  and  sequeticing 

Tissues  were  minced  on  dry  ice  before  they  were  treated  with 
a  tissue  homogenizer  (Polytron,  Littau,  Switzerland)  in 
TRIzol  solution  (Gibco-BRL,  Gaithersburg,  MD,  USA) 
with  1  ml  per  100  mg  of  tissue  for  three  times  10  s.  After 
5  min  of  incubation  at  26°C,  0.2  ml  of  chloroform  per  1  ml 
of  TRIzol  were  added  and  the  solution  was  shaken 
vigorously,  followed  by  incubation  at  26°C  for  5  min.  After 
centrifugation  for  15  min  at  4°C  and  12  000  g  the  aqueous 
phase,  containing  the  total  RNA,  was  precipitated  with 
0.5  ml  of  isopropyl  alcohol  per  1  ml  of  TRIzol  for  10  min  at 
26‘’C  and  centrifuged  for  10  min  at  12  000  g  at  4'C.  The 
pellets  were  rinsed  with  75%  ethanol  (1  ml  of  ethanol  per 
1  ml  of  TRIzol  reagent  used  for  the  initial  homogenization). 
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vortexed  and  centrifuged  at  4°C  for  5  min  at  7500  g  and 
finally  dissolved  in  RNAse  free  water  and  stored  at  —  80"C 
for  further  analysis. 

Five  micrograms  of  RNA  were  used  for  cDNA  synthesis 
using  M-MuLV  reverse  transcriptase  (Perking  Elmer, 
Branchburg,  NJ,  USA)  and  oligo-dT  primers  followed  by 
PCR  using  primers  specific  for  different  SR  proteins: 

SRp20:  5'-GCCGTGTAAGAGTGG, 

3'-AAGCTTCCTCCTTCTTGG; 
hnRNP  Al:  5'-GGTGGTCGTGGAGGTGGTT, 

3'-CCAAAATCATTGTAGCTTCC,  and 
hnRNP  A2:  5'-ACAGTCTGTAAGCTTTCCCC, 
3'-CTGAAGCGACTGAGTCCGCG . 

The  standard  form  of  CD44  mRNA  (CD44  std)  was 
detected  using  PCR  primers  for  constitutive  exons  5  and  16: 

CD44  exon  5:  5'-ACCCCAGAAGGCTACATTTTGC 

CD44  exon  16:  3'-CTCATAGGACCAGAAGTTGTGG 

Inclusion  of  individual  alternative  exons  was  monitored 
using  3'  primers  specific  for  individual  alternative  exons  and  a 
primer  complementary  to  constitutive  exon  5: 

CD44v5:  (MASV5)  3'-TTGTAGCATGTGGGGTCTCCTCTT, 

CD44v6:  (MASV6)  3'-CCTTCTGTCACATGGGAGTCTTCA, 

CD44v8:  (MASV8)  3'-CACTGAAAGTGGTC  CTGTCCTGTT. 

All  amplification  reactions  used  an  ATP-labeled  5'  primer. 

The  PCR  conditions  for  all  amplifications  were  as  follows: 

25-35  cycles  (see  Figure  legends)  of  94°C  for  1  min,  59°C  for 
1  min  and  72"C  for  1 .5  min.  Gel  electrophoresis  of  35  /d  of 
the  100  p]  PCR  reaction  was  performed  in  6%  denaturing 
acrylamide  gels  at  34-40  mA.  Expected  amplification 
products  are  as  follows:  142  bp  (SRp20),  155  bp 

(hnRNP  Al  without  alternative  exon  7B),  134  and  170  bp 
(hnRNP  A2  with  or  without  the  alternative  exon),  and 
221  bp  (CD44  standard  lacking  any  alternative  exon).  The 
expeeted  amplification  bands  for  alternatively-spliced  CD44 
mRNA  containing  only  one  variable  exon  are  207  bp  (v5), 

209  bp  (v6)  and  190  bp  (v8).  pBR  2221  HpaU  markers  were 
used  in  all  displayed  gels  for  product  size  determination. 
Identified  amplification  products  resulting  from  the  inclusion 
of  one  or  two  variable  CD44  exons  were  sequenced  to  verify 
identity.  After  cloning  of  CD44  PCR  products  into  a  pCR 
2.1  vector  (TA  cloning  kit,  Invitrogen,  CA,  USA)  sequencing 
of  these  clones  was  performed  using  the  thermo  sequenase 
method  (Amersham,  OH,  USA)  and  CD44  exon  specific 
primers  mentioned  above. 


Protein  isolation  and  Western  blot 

Total  cellular  protein  was  isolated  from  the  interphase  and 
phenol  phase  from  the  initial  homogenate  after  precipitation 
of  the  DNA  with  0.3  ml  100%  of  ethanol  per  I  ml  of 
TRIzol  used  for  the  initial  homogenization.  The  samples 
were  stored  at  26''C  for  5  min  and  afterwards  centrifuged  at 
2000  g  for  5  min  at  4“C.  The  phenol-ethanol  supernatant 
was  then  precipitated  with  1.5  ml  isopropyl  alcohol  per  1  ml 
TRIzol  used  for  initial  homogenization.  After  storage  for 
10  min  at  26°C  the  protein  precipitates  were  centrifuged  at 
12  000  g  at  4°C  for  10  min.  Protein  pellets  were  washed 
three  times  in  0.3  M  guanidine  hydrochloride  in  95%  ethanol 
for  20  min  at  26°C  and  centrifuged  at  7500  g  for  5  min  at 
4“C.  The  protein  pellets  were  vortexed  after  the  final  wash  in 
2  ml  100%  ethanol,  stored  for  20  min  at  26°C  and  finally 
centrifuged  at  7500  g  for  5  min  at  4°C.  The  pellets  were 
resuspended  in  1%  SDS  solution  and  incubated  at  50"C  for 
complete  dissolution.  Insoluble  material  was  removed  by 
centrifugation  at  10  000  g  for  10  min  at  4°C.  Supernatants 
were  stored  for  further  analysis  at  —  80°C.  Gel  electrophor¬ 
esis  of  20  pg  of  total  protein  was  performed  using  a  10% 
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SDS  PAGE  gel  at  100  volts.  Afterwards  the  gels  were 
clectroblottcd  on  a  PVDF  transfer  membrane  (PolyScreen, 
NEN  Life  Science,  Boston,  MA,  USA)  at  100  volts  for  2.5  h 
at  4'  C.  After  blocking  in  5%  Blotto/PBST  membranes  were 
incubated  with  mouse  IgM  mAbl04  (1:5  dilution),  the 
SRp20  spccifie  mouse  IgG  Ab  (1  : 200  dilution)  or  polyclonal 
rabbit  anti-U2AF  Ab  1:6000  dilution).  The  Western  blots 
were  stained  by  chemiluminescence  (NEN  Life  Science) 
using  appropriate  horseradish-peroxidase  labeled  anti  IgM 
antibody  for  mAbl04  (Pierce,  Rockford,  IL,  USA)  or  anti 
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